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E-Division A c t i v i t i e s Report 

July 1980 

ABSTRACT 

This report describes some of the activities in E 
(Experimental Physics) Division during the past year. 
E-Division carries out research and development in areas 
related to the missions of the Laboratory. Many of the 
activities are in pure and applied atomic and nuclear 
phvsics. In addition this report describes work on 
accelerators, radiation damage, microwaves, and plasma 
diagnostics. 
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INTRODUCTION 

E (Experimental Physics) Division carries out basic and applied 
research in atomic and nuclear physics as well as in other areas related 
to the missions of the Laboratory. Some of the activities are coopera
tive efforts with other divisions of the Laboratory, and, in a few cases, 
with other laboratories. Many of the experiments are directly applicable 
to problems in weapons and energy, some have only potential applied uses, 
and others are in pure physics. 

E-Division issues an annual report which describes some of the activi
ties in the division during the preceding year. The preceding report 
(UPD-17271-79) was issued in July 1979. The report gives a brief review 
of the experimental program of the division. Mot all the activities are 
included e\iery year. The results of the research are published in detail 
in the scientific literature and are reported at scientific meetings. 
References to papers and conference proceedings published since the pre
ceding report of this series are listed in the present report. 

LLNL publishes month'y in the Energy and Technology Review (UCRL-52000) 
descriptions of programs of general interest. Articles describing 
E-Division activities are reprinted in the E-Division annual reports. The 
following reprints were included in the previous reports: 

Probing Nuclei w i th LLL's Electron Linear Accelerator (1978) 

RTNS: A Tool fo r Studying Neutron Damage (1978) 
The Magnetic-Quadrupole Spectrometer: Studying Neutron Reactions (i978) 
Pulsed Sphere Measurements f o r Weapons and Fusion Reactor Design (1978) 
Measuring Hydrogen-Isotope D is t r i bu t i on Pro f i l es (1978) 
Nuclear Modeling at the LLL Cyclograaff (1979). 
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The present report, includes: 
Studying Materials with Positrons 
Probing Nuclear Structure with Improved Electron Scattering Techniques 
Observation of Channeling Radiation 
Measuring the Hydrogen and Helium Produced by Fusion Neutron Reactions 
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ACCELERATORS 

Host of the activities of the division are centered around seven 
accelerators: A 100-MeV electron linear accelerator (Linac), three 
400-kV dc high-current accelerators, a 3-HV electrostatic accelerator, 
a 6-HV tandem electrostatic accelerator, and a 76-cm cyclotron. The 
cyclotron can be used as an injector for the tandem accelerator (cyclo
graaff). With these accelerators, beams of neutrons, photons, and 
charged oarticles can be produced, and the interaction of these projec
tiles with nuclei, atoms, and solids is studied. 

The oldest of the three 400-kV accelerators ("ICT") produces 25 mA 
of atomic hydrogen, the newer ones ("RTNS II") are designed to produce 
150 mA. 

Although all the accelerators can serve as neutron sources, most of 
the neutron experiments use either the Linac or the .JO-kV accelerators. 
The Linac permits the simultaneous study of neutrons of energies from 
thermal to about 60 MeV by observation of the neutron time-of-flight over 

distances as long as 250 m. The 4C0-kV accelerators serve primarily as 
intense sources of 14-MeV neutrons. 

Most of the charged-particle-'nteraction experiments are performed 
with the cyclograaff. Reactions producing charged particles are s-jdied 
with the aid of a high resolution broad-range magnetic spectrometer as 
well as with solid-state detection systems, Low-energy gamma rays pro
duced in charged-particle interactions are detected and their energy is 
measured in a Ge-Li detector, higher-energy gamina rays in a Nal scintilla
tor with an anticoincidence shield. This latter detector has an urijsually 
large volume: 10 dm^ for the Nal crystal and 1 m3 for the plastic 
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s c i n t i l l a t o r that provides the anticoincidence s i g n a l . Neutrons produced 

in charged-part ic le reactions are detected and t h e i r energy i s measured in 

a wel l -sh ie lded t i m e - o f - f l i g h t f a c i l i t y that permits simultaneous observa

t ion at 16 angles. 

The 3-MV e lec t ros ta t i c accelerator is used fo r studies o f ion-atom 

co l l i s i ons arid ion in teract ions wi th so l i ds . 

During the past year e f f o r t s were made to improve the performance of 

the Linac. A new buncher-prebuncher system improves the primary-beam 

energy reso lu t ion in steady-state operat ion. For improved resolut ion in 

neutron cross section measurements and photoneutron experiments using 

neutron-t ime-ot- f l ighfc techniques, an improved gun pulser has been developed. 

The new pulser permits the production of 2-nsec beam pulses and improves the 

performance in the 5-10 nsec pulse-width region previously ava i lab le . 

The January 1980 earthquake disturbed thp alignment of to th the tandern 

and Linac resu l t ing in a one-month in te r rup t ion of operation of fcoth acce l 

erators . 

Tri? tandem e lec t r os ta t i c accelerator , the cyc lot ron and the oldest 

400-kV high current accelerator share the same operating crew so that t he ! i 

are l im i ta t i ons on t h e i r simultaneous operat ion. During the past year the 

tandem accelerator was operated by i t s e l f f o r about 500 hours and in com

binat ion wi th the cyclotron for another 1200 hoi 'rs. Beams produced were pro

tons 80% of the t ime, deuterons 7%, and He and heavier ions the remainder 

of the t ime. The ICT accelerator operated f o r 660 hours. The e lect ron 

l inac served as a neutron source f o r 1300 hours, as a y-ray source f c " 

600 hours, and f o r other purposes 800 hours. 
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Intense Source cf 14-MeV Neutrons 
The Rotating Target Neutron Source-II (RTNS-II) is a national facility 

operated for the Fusion Materials Program of the Office of Fusion Energy. 
Its purpose is to study the effects of fusion neutrons on materials used in 
the fusion energy program. 

During the past year the first of two neutron sources was operated on 
a regular 80 hour/week schedule. The other source was brought into opera
tion as an ion source test stand. Typically the neutron source ope^ted at 
a strength of 10^/sec; the maximum source strength that has h?en attained 
is 2.2 x 10 1 3/sec. Operation at higher source strengths awaits fabrication 
of targets of larger diameter than the present 23 cm. 

Over 2000 samples from twelve different laboratories were irradiated. 
Samples of pure metals as well as alloys ware irradiated for studies of 
microstructure and microhardness. Irradiation of ceramic insulators used 
in TFTR (Tokamak Fusion Test Reactor) served to observe the effect of fusion 
neutrons on their thermal and mechanical properties. An in-situ creep ex
periment on Nb using elevated temperatures of 400-600° was carried out. Ir
radiations were performed on low-temperature samples (4 K) of NbTi, Cu, and 
Al for critical current measurements and resistivity studies. The effect 
of 14-HeV neutrons on the optical nroperties of quartz and sapphire was 
studied for the FHIT (Fusion Materia! Irradiation Test) Facility. Short 
irradiations were completed on samples of liver enzymes, fiber optic cables, 
and semiconductor wafers. 
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EXPERIMENTAL NUCLEAR PHYSICS 

Fission 
The nuclides Cn and An m are two Of the major transplutonic 

elements of concern to such applied problems as actinide burn-up and 
OCT 

Cf production. Important parameters for determining the reactivity 
of these fissionable materials are their fission cross sections end the 
average numbers of neutrons per fission (u). 

Evaluation of previously reported measurements of the fission cross 
sections of Cm and Am for nr.utron energies between 1 meV and 20 MeV 
were completed. The final value of the fission cross section of 3Cm for 
2200 m/s neutrons is 2080 +_ 40 b. The energy dependence of the fission 
cross section was analyzed up to a neutron energy of 30 eV with the aid of 
a multichannel R-matrix code. The analysis yielded parameters for the 
resonances with an average fission width of ?50 meV and a strength function 
(r/D) of 1.02 x 10" consistent with values for neighboring nuclides. A 245 measurement of \> for Cm for thermal neutrons was completed with an 
accuracy of 2%. The measured value is Selow previously published values, 
but above the value obtained by extrapolating previous measurements at 
higher neutron energy assuming the same energy dependence of v as in 
neighboring nuclides. 

A Idrge-area (600 cm ) position-sensitive fission-fragment detector 
has been developed. It is insensitive to gamma rays. Its tima resolution 
of "v 10 nsec permits high enough counting rates so that a rough image of 
the incident neutron beam from the Linac coulJ be obtained ir 20 sec. 

Meutron Cross Sections 
Cress sections for the product on of charged particles ij> reactions 

induced by 14-MeV neutrons are of importance to the design of fusion 
reactors. Previous measurements have investigated structural materials 
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(e .g . Fe, Cr, H i , Cu, Mo) in order to estimate neutron-induced rad ia t ion 

damage. During the past year l i g h t e r mater ials have been s tud ied: Li 
12 because o f i t s ro le in t r i t i u m breeding, C because of i t s po ten t ia l use 

as pro tect ive cur ta in f o r the f i r s t w a l l , 0 and Si because o f t h e i r 

use in e l e c t r i c a l i nsu la to rs . Some modi f icat ion of the experimental equip

ment was requi red, because these targets have lower Z and hence lower 

Coulomb bar r ie rs than any previously s tud ied , r esu l t i ng in charged-par t ic le-

-pectra that extend to lower energies than i s the case for heavier nuc le i . 
1? Ifi 

In p a r t i c u l a r , the a lpha-par t i c le production cross sect ion for C and 0 

proceeds largely through many-particle-breakup channels (n + 3a and n + 4a, 

respect ively) which have alpha spectra extending to below 1 MeV. S i m i l a r l y , 

the (n.nat) react ion on L i y ie lds t r i t o n s and alpha pa r t i c l es o f very low 

energy. Use of a thin-window proport ional counter For a AE counter 

allowed alpha par t i c les w i th energies as low as 0.3 MeV to be detected in 
a three-element counter-telescope wi th the quadrupcle spectrometer. 

The neutron t o t a l cross sect ion for H from 50 keV to 80 KeV .13s 

been measured at the Linac wi th an accuracy of 0.5% over most o f th is 

energy range. This measurement permits the determination of the zero-

energy cross sec t ion , and hence of the s i n g l e t , t r i p l e t , and coherent 

n-T scat ter ing lengths, and provides informat ion about the r e l a t i ve 

strengths of the s ing le t and t r i p l e t i n te rac t i ons . The resul ts disagree 

w i th previous measurements. 

Previously measured t o t a l cross sections of nuclides in the mass-140 

region f o r neutrons o f energies between 2.5 ano 60 MeV have teen analysed 

in terms of i n op t ica l model p o t e n t i a l . The v a l i d i t y of the potent ia l 

can be checked by ca lcu la t ing angular d i s t r i b u t i o n of e las t i c scat ter ing 

and comparing the calculat ions wi th ava i lab le mgasurements. Agreement 
I 1 Q I An 

between calculations and measurements was obtained for Ba and f:d. 
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Potentials deduced by others f ro~ proton measurements do not f i t :he 

present t o ta l cross section measurements w e l l . 

Neutron Cross Sections Deduced from Proton Experiments 

Neutron data for research api-'.ications dealing v/ith reactors , material 

damage studies, shie ld ing ca lcu la t ions , e tc . are often obtained from opt ica l 

model (OM) ca lcu la t ions , because measurements of neutron cross sections for 

many elements are not ava i lab le . The parameters used in the P" p j t e n t i a l s 

are obtained mainly from "g loba l " sets (smooth dependence on m^s number, 

energy, end neutron excess)- These OM parameters predic t the trend of the 

neutron cross sections reasonably w e l l , but when the calcu lat ions are com

pared wi th measurements, fo r a given A and a given neutron energy, tne values 

of the parameters need to be optimized to imprcve the agreement. 

According to the Lane-model of the nucleon-nucleus OM po ten t i a l , measure

ments of proton scat ter ing and charge exchange (p,n) reactions to isobar ic 

analog states (IAS) at the appropriate energy may be used to deduce neutron 

OM parameters. This appioach has prjved very successful f o r l i g h t and 

intermediate nuc le i , however, mul t i -s tep processes proceeding through 

exci ted states of the target and exci ted analog states have a pronounced 

e f fec t on the ground-state t r ans i t i on and must be understood, i f the Lane 

model is to be applied successful ly . 

These mul t i -s tep processes have been studied previously fo r isotopes 

of Mo and Sm fo r which coupled-channel calculat ions reproduced the measured 

charge-exchange cross sections to excited analog states using only 

parameters derived from proton ine las t i c scat ter ing and resul ts of the 

ground-state analog measurements. In view of the good agreement between 

the experiments and calculat ions fo r the t'o and Sn. "isotopes, measurements 

of (p,n, v charge-exchange cross sections should y i e l J neutron e las t i c and 
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i n e l a s t i c sca t te r ing cross sect ions. For t h i s purpose measurement:, on 

the isotopes 7 6 ' 8 0 > S 2 s e a t proton energies of 19, 22, and 25 KeV "lave 

been performed. In th i s experiment the isobar ic analogs of the ground 

states of the target nuclei were observed as wel l as the one- and two-

phonon exc i ted analogs. 

Because of our i n t e r e s t in the heaviest nuclides an attempt has 

been made to LSG the same approach fo r heavy elements. For t h i s purpose 

measurements nave been performed o f the (p,n) IAS cross sections of Ta, 

Au, B i , Ti:, end U, and o£ e l a s t i c and i n e l a s t i c sca t te r ing by Th and U 

o f protons of energies near 26 MeV. Fran these data OM parameters were 

deduced w i th a coupled-channel ca l cu la t i on . 

Neutron e l a s t i c d i f f e r e n t i a l cross sec t ion : of Th and U 

a t 7 MeV calculated wi th t h i s po tent ia l agree well wi th measurements. 

Tho resu l ts conf irm that t'>e charge independence of the nuclear op t i ca l 

po ten t ia l postulated by Lane holds also a t these higher Z values and tha t 

coupl ing e f fec ts are important f o r most nuc l ides. 

A knowledge of the number and energy o f both alpha pa r t i c l es and 

secondary neutrons produced in the i n te rac t i on of 14-MeV neutrons is 

iniroj ' tant fo r the design o f fusion reactors . In add i t ion to the d i r e c t 

p^asurements o f the production cross sec t ions , an e f f o r t is underway to 

deduce the cross sections from proton-induced react ions, "he analysis 

must include precompound processes, and several precompound decay models 

are being compared wi th the measurements. Recent measurements have been 

performed wi th 26-HeV protons and have involved the fo l l ow ing reac t ions : 

(p,n) react ions on Zn, Cu, and Y, and (p,a) reactions on Y and 

E 0 9 B i . 
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Neutron Radiative Capture 

For measurements on nuclear explosions using radiochemical methods 

a knowledge of the neutron capture cross sections of unstable nuclides 

is needed. The mass region around A = 90 is of pa r t i cu la r importance. 

An important pararr,e*?r in calculat ions of the cross sections is the y-ray 

strength func t ion . To ohtain information on th is quant i t y , the shape of 

the neutron capture Y-ray spectrum has been measured using a 3-crystal 
87 Ge(Li) spectrometer f o r the react ion Sr(n,y) f o r thermal neutrons, at 

2 keV and 24 keV, w i th neutrons from the Brookhaven High Flux Beam Reactor. 
87 The gamma rays from the Sr(n,y) react ion were also studied at the Linac 

for neutron energies between 2 eV and 600 keV wi th a l i q u i d - s c i n t i Ha to r 

detector. This detector has much poorer y-ray energy reso lu t ion , but 

much higher uetecuon e f f i c iency than the Ge(Li) detector . 
159 The rad ia t ive neutron capture by Tb was measured at tne Linac 

as a funct ion of neutron energy to explore c^- re la t ions between gamma-

ray widths and neutron widths, cor re la t ions for which evidence had been 

found in e a r l i e r studies of th is reac t ion . 

Photonuclear Reactions 

Photonuclear measurements have been completed at the Linac for a 

number of nuclides for the energy region from threshold to 30 MeV wi th 
3 

monoenergetic photons from posi t ron ann ih i la t ion in f l i g h t . For H and 
3 
He, dif ferences between the cross sections for two-body and three-body 

breakup modes compensate in t he i r sum, so that the to ta l photon absorption 

cross sections fo r JH and He are nearly the sair.e in both size and shape 

at energies near and above t h e i r peaks. 

Recently measured photoneutron cross sections of He agree with 

an older measurement and are about ha l f the photoproton cross sect ions. 

The shape of the energy dependence of 0 cross sect ion was studied in 

- 1 1 -



detail. The photoneutron and photofission coss sections of "5,2o6,238^ 
232 

and Th have been measured, and the photof iss ion prc.tipt-neutnjn frry J t - -
p l i c i t i e s have been determined. 

Integral Experiments 

In las t year 's report (UC1D-17223-79) resul ts of measut jn juts of low-

energy neutron spectra emitted by a sphere of l.iD were reported. In 

these measurements a source of 14-faeV neutrons was at the center of the 

sphere, and the neutrons were observed with a Li glass detector . The 

e a r l i e r report stated that there was good agreement between calculated 

and observed neutron spectra above 27 keV neutron energy. This agreement 

now anpears to have been f o r t u i t o u s . 

To check the e f f i c iency of the Li glass detector the low-energy 

neutron omi^ ion spectrum from a CH. sphere was raasured. This spectrum 

can be calculated r e l i a b l y . The measurement therefore provides a c a l i 

brat ion of the detector e f f i c i ency . With the new e f f i c iency there appears 

to be a 25% d i f ference between the calculated and measured spectrum from 

the Lit ' sphere, between 27 KeV and 1.4 KeV. The reaso.i fo r th is 

d i f ference is not yet understood. 

Heavy-Ion Reactions 

De-exci tat ion products in the react ion Ca( 0,X) were measured 

at the LBL 88" cyclotron at bombarding energies of 104 and 214 HeV. 

Two-body f i s s i o n - l i k e coincidence y ie lds and l i g h t pa r t i c l e spectra 

have been measured both in singles and in coincidence wi th evaporation 

residue fragments. The resul ts have been analyzed using a new approach 

to the Hauser-Feshbach theory which takes deformation in to account in 

the ca lcu la t ion of transmission coe f f i c i en t s . The observed f i s s i o n -

l i k e y i e l d (<_ 6 mb) agrees wi th the new approach (10 nb) , but not wi th 
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the old one (200 mb). In addition, when compared to calculations in which 
the deformation effect on transmission roefficients is iqr.ored, the new 
approach predicts a substantial increase in the number of high-energy a 
particles produced ("i decay amplification"). The a-particle spectra ob
served in this experiment are in good agreement with this new pred'ction. 
Neutron Dosimetry 

Dose is defined as energy absorbed per unit mass. The only direct 
method for measuring neutron dose is a determination of the temperature rise 
caused by the neutrons. Since in most available neutron fluxes this tempera
ture rise is very small and difficult to measure, most neutron dose measure
ments deduce dose from a measurement of the ionization produced by the neu
trons or from a measurement of the neutron fluence. The conversion from 
ionization or fluence to dose involves quantities that are not well known. 

In cooperation with the Memorial Sloan-Kettering Cancer Center the 
three dosimetric techniques were compared for 15-KeV neutrons. The results 
obtained by the three methods agreed more closely than the estimated uncer
tainties so that the indirect dosimetric methods appear to be yery reliable. 
Electron Scattering 

Electron scattering probes fundamental properties of nuclei, such as 
the charge and magnetization distributions of nuclear ground states and the 
transition charge densities between the ground and excited states. Collabor
ative experiments with MIT have been performed at Bates on the rare isotopes 
of oxygen, and silicon. 

Results include delineation of the charge distributions of the oxygen 
isotopes, determination of the magnetization distribution of ^ 0 , informa
tion about the form factors and transition charge densities of excited states 
of 180, and a comparison of electron- and proton-scattering form factors. 
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THEORETICAL NUCLEAR PHYSICS 

Anomalous Optical Potent ia l Parameters fo r Low Energy Frotons 

Optical model "'ent'tals are needed fo r both d i r e c t - and compound-

nuclear react ion ca . :u la t i ons . The e l as t i c scat ter ing cross sections for 

charged particTes at or below the Coulomb barrier have not been studied 

as extensively as those above the b a r r i e r , because at the lower energies 

the scat ter ing is nearly that dije to a charged sphere. Recently, measure

ments of the absorption and e l a s t i c scat ter ing cross sections for low-

energy protons on targets w i th mass number about 100 have been found LO 

be inconsistent wi th conventional op t ica l model parameters based on 

higher-energy measurements. A modulation of the imaginary potent ia l wi th 

mass number was required to f i t the data. Especial ly large values fo r 

th is potent ia l were needed f o r targets between closed she l l s . 

Two possible explanations fo r th is behavior are that 1) the number 

of two-par t ic le one-hole states f o r nuclei between closed shel ls is 

larger than fo r nuclei a t or near closed shel ls or 2) coupling e f fec ts 

to spec i f i c co l l ec t i ve states increase the absorption p robab i l i t y . The 

two-par t ic le one-hole states would be the states in to which the s ingle 

pa r t i c l e states would decay as the f i r s t stage of cempound nucleus 

format ion; thus, an enhancement in the number of these states might y i e l d 

a larger absorption cross sect ion. 

Calculations o f the tivo-partfc?e one-hole s tate densi t ies and c f the 

coupling ef fects due to co l l ec t i ve states have been performed to examine 

the r e l a t i ve importance of t h e ' : two ef fects on the react ion cross sect ion. 

Both the modulation of the two-par t i c le one-hole state density with mass 

number (A) and the coupling e f fec ts are found to produce enhancements in 

the proton absorption cross sect ion below the Coulomb ba r r i e r fo r nuclides 
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between closed shells. Neither of these is as important above the Coulomb 
barrier, which explains why previous analyses above the Coulomb barrier 
did not find evidence for shell effects. 

These calculations provide support for the recent measurements and 
original optical model analysis. Initially, many felt that either the 
measurement or the original analysis was wrong. Because of level density 
modulations and coupled-channel effects, absorption cross sections for 
protons below the Coulomb barrier show significant shell effects. In 
extreme cases, changes as large as 50% in low energy transmission coef
ficients ran be produced. 

Nuclear Structure Studies 
The nuclear weapons program often makes use of neutron cross sections 

of unstable nuclides. Because it is difficult or impossible to measure 
these cross sections, calculations based on appropriate nuclear models 
are used instead. For cases where the Hauser-Feshbach compound statistical 
model applies, nuclear level densities are required. In order to calculate 
realistic nuclear level densities and strength functions for unstable 
nuclides we have applied the spectral distribution theory so that the 
effect of two-body interactions may be included. (Except for pairing, 
such effects cannot be included in a Fermi gas calculation). This theory 
uses various moments of the two-body hamiltonian (and other operators) 
which are calculated in a large single-particle basis using the previously 
developed Vector Model Code. This code has now been enlarged so that it 
can be applied to larne single-particle basis nuclei, e.g. for A % 60. 
It is now possible to make calculations for nuclei, such as U or heavier. 

In order to calculate hamiltonian moments larger than the second 
moment in these large spaces, a Monte Carlo method has been developed 
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to generate random shell-model vectors. An example of a calculation in 
28 which this technique was «sed was for the Si level density. The shell 

model bsiTS used, 12 nucleons in the d. ,,, s, ,«, d~., a r |d ^jty shells, 
has a dimension of 5.5 x 10 and at the present time such a large basis 
would be impossible to treat using exact diagonalization techniques. 
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ELECTRON AND ATOMIC PHYSTCS 

Ion-Atom Collisions 
The primary goal o f th is e f f o r t is to understand the mechanisms 

that produces inner-she l l vacancies in ion-atom c o l l i s i o n s . Auger-electron 

measurements have been performed using various l i g n t p ro jec t i l es on gaseous 

and so l id targets ( t h i n f o i l s ) . The datfl have been analyzed using the 

quasi-mol ecu It; formed during the c o l l i s i o n fo r the i n te rp re ta t i on of low-

ve loc i ty c o l l i s i o n s . The data indicate anomalously large cross sections 

for c o l l i s i o n a l loss of inner shel l vacancies. I t i s expected tha t 

simple two-level models may be used fo r th is ana lys is , since the inner-

shel l energy levels are r e l a t i v e l y iso lated from other levels to which 

they may couple. Ex is t ing ana ly t i ca l models f o r two-level coupling have 

been improved by inc lus ion of t rans la t i on factors ( i . e . , taking i n to 

recount the fact that the act ive e lec t ron ic states in the too atoms move 

re la t i ve to one another). Calculat ions are also being performed wi th 

Hartree-Fock wave funct ions fo r the quasi-molecule in order to test i f 

simple ana ly t ica l models give more r e a l i s t i c estimates of the t r a n s i t i o n 

probab i1 i t ies . 

Plasma Spectroscopy 

Plasma spectroscopy is a new a c t i v i t y i n the Atomic Physics group. 

I t s aim is to produce a weil characterized plasma and to study atomic 

c o l l i s i o n phenomena that are o r d i n a r i l y inaccessible in the laboratory. 

This information is of i n te res t to the study of plasmas produced by 

lasers, to magnetical ly confined plasmas, and to r e l a t i v i s t i c e lec t ron 

beam machines. 
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An experimental plasma l i g h t source using a Z-Dinch is under con

s t r u c t i o n . This device should permit measurements of the propert ies 

of plasmas by observation of u l t r a v i o l e t and x - r ad ia t i on . Information 

that is expected to be obtained from the device includes spectroscopic 

determ.nation of l i ne s h i f t and l i ne broadening, rad ia t ion t ranspor t , 

and measurement o f c o l l i s i o n a l exc i ta t i on ra tes . The observations 

should t e s t the a b i l i t y of avai lable codes to ca lcu late relevant ^ross 

sect ions. 

While the Z-pinch machine is being constructed, experiments ?re 

being performed on ex is t ing plasma devices. Spectra have been observed 

at the TMX experiment in the magnetic fusion -Jivi , i on . Grazing incidence 

measurements i den t i f i ed impur i t ies and showed the importance of rad ia t ion 

losses caused by T i . With a normal incidence spectrometer ion temperatures 

as low as 10 eV and f i e l d strengths o ' 40 V/cm could be measured. 

A spectrometer has been i ns ta l l ed on the target chamber o f the Argus 

las;er. Spectra from gold disk targets showed emission l ines and absorption 

eJgjs superimposed on a continuum. 

At Physics In ternat ional h igh-resolut ion grazing-incidence spectra 

were obtained on the r e l a t i v i s t i c electron beam machine. The spectra 

show both l i ne r . and a continuum and y i e l d information about radiat ion 

t ransport . 

Channeling Radiation 

R e l a t i v i s t i c charged par t i c les channeled ''n c r ys ta l s , e i ther along 

an axis or between planes, traverse per iodic t r a j e c t o r i e s . This motion 

resu l ts in forward-directed emission of electromagnetic waves which, fo r 

leV e lec t rons , has spectral peaks in the x-ray or y-ray port ion of the 

spectrum. 
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In collaboration with Stanford experiments have been performed at 
the Una,, to study the radiation both from electrons and positrons chan
neled in thin Si crystals. With electrons and positrons of energies in the 
tens of MeV range the forward directed photons of energies between 20 and 
130 k?V were studied. Planar-channeled positrons were observed to give a 
single spectral peak in the emission. Radiation frain planar-channeled 
electrons occurred in as inany as five spectral peaks. The energy depen
dence of the channeling radiation varies as yl•$ to y^, where Y i" the 
ratio of particle energy to rest energy. At the spectral peak, t he measured 
channeling radiation was several times more intense than bremsstrahlung. 
Planar-channeling emission linewidths ranged form 10-25% of the pi.uton 
energy. From the observed photon energies the interplanar potential in the 
crystal was determined with a resolution of = O.lfl. 
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MATERIAL SCIENCE 

Experiments 

One of the most d i f f i c u l t problems in the design of a fusion reactor 

is the short l i fet ime of the wall of the plasma-containing vessel caused 

by radiation damage induced by 14-MeV neutrons. The selection of a suitable 

material requires a better understanding of the factors that influence the 

behavior of materials under bombardment by 14-MeV neutrons. Because of 

the low intensity of available 14-MeV ,ieutron sources, other high-energy 

neutron sources are often used in radiation damage studies, or protons or 

other charged particles serve to simulate the effects of neutrons. In 

experiments using either neutrons or protons, radiation damage may be 

detected by measuring the l i fet ime of positrons introduced in the damaged 

area or by measuring the doppler broadened energy distr ibut ion of the 

annihilation gamma ray. While the positron l i fe- t ime is sensitive to the 

electron density, the energy distr ibut ion yields information about the 

electron momentum distr ibut ion. Both techniques are sensitive to changes 

in positron annihilation resulting from defect structure introduced by 

radiation damage. 

In addition to an effective threshold in the energy of recoiling atoms 

observed in the produt on of positron traps in irradiations of copper and 

s i lver with protons and neutron*, radiation annealing of the damage oroduced 

in s i lver was observed. The radiation annealing volume was observed to vary, 

growing smaller at high doses at which there is a high probability of over

lapping damage sites. The dependence of the annealing volume on recoil 

spectrum provides additional evidence in support of the existence of a recoil 

eneroy,threshold, 
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Calculations 
A comparison or" radiation damage experiments performed with different 

types cf radiation requires calculations of the damage production cross 
section and damage energy as a function of recoil energy for the different 
types of radiation. Such calculations for charged particles or high-energy 
neutrons require a knowledge of the cross sections for the several types of 
reaction processes. For these calculations a nuclear physics code that 
calculates reaction cross sections for light reaction products has been 
modified, by including a calculation of the heavy-recoil energy distribu
tion. Also an optical model calculation of the energy distribution of 
recoils from elastic scattering has been added. This code permits calcula
tion of the elastic and inelastic damage energy produced by deutero-is, alpha 
particles and heavier ions. The code makes it possible to calculate damage 
energy for neutrons of energies above those at which relevant cross sections 
have been measured. The calculation of damage energy from protons includes 
the cross sections for the production of hydrogen and helium isotopes and 
other light ions. The presence of hydrogen and helium has a pronounced 
effect on the final damage configuration in recovery and void formation. 
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DEVELOPMENT PROJECTS 

High Power Microwaves 
High- in tens i ty electromagnetic f i e l d s i n the microwave frequency 

range are useful f o r heating plasmas, fo r generating intense charged-

p a r t i c l e beams, and other app l ica t ions . A method i s under developnent 

fo r f i l l i n g a superconducting resonant cav i t y w i th r f energy for a r e l a 

t i v e l y long time and then ext ract ing the energy during a rauch shorter 

time to achieve a power ga in . 

Inter ference-type fas t microwave switches have bene app.ied to power 

levels more than an order o f magnitude greater than prev ious ly . Using a 

room-temperature (copper) S-band cav i ty and a switch b u i l t by the Research 

Advisory I n s t i t u t e , a power gain of approximately 100 v/as a c h i e v d (2 usee 

input pulse, 10 nsec output } . The dr ive power was provided by a k lys t ron 

and modulator of the Linac. Switching was done by an electron beam f i r e d 

through the switch cav i ty by a Marx-bank-Blijmlein-diode arrangement. 0 " t -

put pulses o f about 30 MW peak power w e r e achieved at 300 kW dr ive power. 

At higher dr ive power, about 10 J of energy v/as stored in the cav i t y . 

This should y i e l d a 10 nsec Gw" pulse. Adequate energy in the Marx bank 

was not ava i lab le at the time to switch out the energy at such high power 

l eve ls . The intense f i e l d s (several MV across the switch waveguide) 

probably caused the switching beam to blow up before switchout could occur. 

At the higher power l eve l s , intense high-energy x-rays emanated from the 

cav i t y wal ls in an in tens i t y pattern corresponding to a standing microwave. 

The plan i s to repeat the e x p e r w n t a t higher povier leve ls w i th a larger 

Marx ba i ^and improved x-ray sh ie ld ing . 
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In collaboration with the California Institute of Technology the rf 
superconducting properties of thin films (0.1 to 3 vm) of superconductors 
on Cu substrates have been studied. Films of Ub on Cu were prepared by 
both vapor deposition and sputtering. Excellent surface resistances ware 
obtained, in some cases as good as in bulk Kb at 4.2 K. The thermal 
stability provided by the Cu substrate appears to inhibit thermo.^agnatic 
breakdown. In addition to having greater thermal stability, superconduct
ing rf cavities are easier to make out of Cu coated with Nb than out of 
bulk Nb. All tne thin film cavities studied so far, have be?n assembled 
in air, and, unlike cavities of solid Nb, they do not appear to require 
elaborate surface treatment. 

Other thiri-film superconductors have been tested in rf cavities, but 
have not performed as well as the Nb film on Cu. Surface analyses of the 
films are being carried out to ''etermine if there are correlations between 
the measured rf surface resistances and oxides and/or other impurities in 
the surface layers of the materials. 
Neutron Diagnostics for Fusion Experiments 

Measurement of important plasma parameters in fusion experiments is 
made difficult by high densities and large volumes which prevent the escape 
of atoms and ions from the central regions, but neutrons suffer negligible 
attenuation in the plasmas. Knowledge of the neutron generation rate in 
the plasma may serve to determine primary plasma parameters, such is ion 
temperature, ion energy confinement time, ion density, spatial and temporal 
distributions of density and .ercper̂ tu e, and may provide data for deducing 
the plasma rower balance. The diagnostics is being developed in coopera
tion with the Princeton fusion group. A neutron spectrometer system has 
been built which has an energy resolution of 160 keV at 2.5 MeV and 550 keV 
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at 14 HeV. With this system measurements have been carried out during 
time windows as narrow as 1 sec and will soon be extended to 10 msec 
at detector count rates up to 7 x 106 sec'l. The electronics including 
the pulse height analyser attaches to the base of a photomultipMer tuba 
within the collimator-shield. Four such systems within a shield will view 
different plasma regions. 

A preliminary version of the system has served to relate neutron 
yield and spectral data on a TMX end plug to plasma line density, injected 
neutral beam current, and plasma diamagnetism. These measurements allowed 
a determination of the ion mean energy as a function of time, of the ion 
energy confinement time, and of the total fusion power. 
Determination of Atmospheric Oxygen 

In collaboration with the Lawrence Berkeley Laboratory a laser experi
ment has been begun to measure the variations of the 02 concentration in 
the atmosphere as ? function of time for the past 20 years. The purpose of 
the experiment is to determine the ratio of the change in 0j concentration 
to COz concentration to elucidate the location of the CO2 from fossil-fuel 
burning. Only about half the CO2 is accounted for by the Scripps Institute 
measurements of the last twenty years on the CO2 variations in the atmosphere. 
The present experiment uses precision measurements of the Raman scattering 
intensity from N2 and O2 in air samples gathered at locations ranging from 
the equator to the poles. The experiment requires initially a precision of 
£ 3 x TO" 6. So far a stability of 2 x 10* 6 has been achieved for Rayleigh 
scattering from air. The signal-to-noise ratios of Raman scattering in \ , 

Nj, and CO2 are under study. 
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DEFENSE PROGRAMS/ENERGY TECHNOLOGY 

Studying 
materials 

with 
positrons 

For further information conlact 
Richard H Howell (4221977) 

Information about the internal conditions of solids, fndudi'ng defect 
structure and phase changes, is needed in a variety of materials 
studies for weapons and fusion energy applications. We have 
developed a capability for determining solid-state choracteristics with 
positron interactions, by measuring either positron lifetimes in the 
material or the Doppler broadening of the annihilation gamma rays. 
Two studies—one of on amorphous metallic alloy and another of 
radiation-induced damage in copper—demonstrate the effectiveness 
of such analysis. 

Positron analysis of the internal 
structure of solids, including the 
defect structure at a microscopic 
level, is useful as a nondestructive 
testing technique. It is used in such 
diverse areas as the study of defects 
introduced by radiation or mechan
ical stress and the observation of 
phase changes in metals and alloys. 
Because of recent developments in 
the field of positron analysis, we 
can now obtain quantitative data 
that relate directly to the charac
teristics of materials, which in turn 
can depend on their test histories. 

In a typical measurement, 
positrons from a radioactive source 
are introduced into a material. 
Once in the materia!, they slow 
down and thermalize. In gases and 
in some insulators, the position 
may then either encounter an elec 
tron in flight and be annihilated, or 
it may enter a temporaiy bound 
state with an electron, forming a 
positronium atom similar to a 
hydrogen atom but with a position 
rather than a proton nucleus. 

Positronium does not occur in 
metals because of their high density 
of mobile electrons. Instead, nearby 
electrons at first screen the 
positron's positive charge. In a 
short time, one electron and the 
positron annihilate each other and 
produce two oppositely directed 
gamma rays, or photons, each with 
about 0.511 MeV energy. The an 
nihilation rate is a complicated 
function of the material's electronic 
structure and density, and the an
nihilation energy and angular 
correlation are determined by the 
relative momenta of the ther-
malized positron and the in 
teracting electron. 

Measuring the annihilation 
characteristics of positrons in a 
solid can give unique information 
about the environment around the 
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positron at the time of its annihila
tion. Three qualities can be 
measured: the positron's lifetime, 
which is affected by the local elec
tron density; the angular correla
tion of the two annihilation 
photons; and the energy spread in
troduced in the annihilation energy 
by Doppler broadening. Both 
positron lifetimes and Doppler 
broadening have been measured in 
experiments at LLL to study phase 
changes in amorphous metals, 
deformation characteristics of stain
less steel, and radiation damage in
duced in copper and silver by 
protons from the LLL Cyclograaff 
or by 14-MeV neutr ins from the 
Rotating Target Neitron Source 
(RTNS I). 

Prob ^ solids with positrons 
The introduction of a positron 

trapping model1 made possible the 
use of positrons in studying defects 
in solids. This model postulates that 
positrons are trapped at a defect 
site in a material at some rate 
characteristic of the defect, of the 
material, and of the density of 
defects in the material. Once 
trapped, the positron is annihilated 
when it combines with an electron 
near the trap. Such electrons 
typically exist in different densities 

and with energies different from 
those of the electrons in the con
duction bands of the solid. Thus 
thers are different annihilation 
rates and annihilation photon 
energies fcr trapped and free 
positroi.5. 

Not all defect structures in solids 
are expected to trap positrons. For 
example, vacancies, vacancy 
clusters, and dislocations are all 
positron traps while interstitial 
atorrs are not. Fositron-lifetiirte or 
Doppler-broadening data may be 
analyzed by the trapping model to 
determine the trap parameters, the 
trap density, and associated quan
tities such as formation energies for 
the trap. These measurements 
have been made by other 
researchers on a variety of 
materials to study the f̂ mnation 
energy of vacancy defects 
produced by thermal motion and 
to monitor the migration of ejects 
through the various annealing 
stages. As a result, a large data base 
is available for comparison with 
new measurements. 

Measurement techniques 
Positron lifetimes are measured 

with two gamma-ray detectors 
designed to produce accurate tim
ing information in their output. In 
the measurement, a radioactive 
positron source of sodium-22 is 
placed at the sample to be 
measured. This sourr z simulta
neously emits a gar .ma ray and a 

positron. One detector measures 
the prompt gamma ray; the second 
detector measures the annihilation 
gamma ray. The time difference 
between these two gamma-ray 
emissions is a measure of the 
positron's lifetime. We use two fast, 
plastic scintillation detectors, 
developed at LLL, whose timing is 
coincident; with them we can ac
curately measure lifetimes of 
100 ps. From the detection of a 
large number of annihilations, 
typically 10s, we obtain a spectrum 
of positron lifetimes characteristic 
of the sample. The lifetime or 
trapping-model parameters for 
each spectrum are then deter
mined by computer analysis on a 
CDC 7600. 

Doppler-brocdening measure
ments, on the other h?nd, need no 
special source because only the an
nihilation gamma ray is detected. 
The measurement simply requires 
a high-resolution, lithium-drifted 
germanium detector with stabilized 
electronics. The acquisition of 
Doppler-broadening data is 
straightforward; however, analysis 
of the data into trapping rates re
quires large data sets. To apply the 
trapping model, one compares the 
spectra obtained ftom samples with 
only a few traps and from samples 
with high enough trap densities for 
every positron to he trapped before 
annihilation. Because of this com
plexity and because the lifetime ex
periment provides more detailed 
information, we have emphasized 
positron lifetimes at LLL 

Figure 1 shows typical data for 
the positron-lifetime and Doppter-
broadening measurements of an 
annealed material with a low trap 
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Doppler broadening 

— Irradiated copper 

— Undamaged copper-

Channel 

10 

Positron lifetime 

— Irradiated copper 
(lifetime = 175 ps) 

— Undamaged copper 
(lifetime = IZOps) 

Time-

1TU<£J° i i undamaged and 
Irradiated copper. The lifetime of a 
trapped posttrani* longer than that 
of an tmtrappat posHmn, and 
Irradiation increases the trap den
sity in material*; thus, positron 
lifetime* are taigerln the irradiated 
copper. The momentum of the elec
tion* near the trap* I* lower, 
leading to lea Doppler broadentng 
In the Irradiated copper. In both 
potitron lifetime* and Doppler 
broadening, the effect produced in 
the Irradiated mamplet Is large and 
easily measured. Similar effect* are 
produced by deformation, fatigue, 
and thermal excitation of defects. 

density and for the same material 
heavily damaged by irradiation. 
Damage generally serves to 
lengthen positron lifetimes because 
the positrons are trapped at defect 
sites when there is a lower electron 
density. At the same time, the elec
trons near a defect tend to have 
less momentum, leading to smaller 
Doppler shifts in the energy in the 
trapped positron. 

Alloy studies 
We have measured positron 

lifetimes In various amorphous 
metallic alloys ("metallic glasses") 
to better understand their internal 
structure and deformation process. 
Amorphous metallic alloys are new 
materials with potentially wide-
ranging applications because of 
their extreme radiation resistance, 
high magnetic susceptibility, and 
overall strength. The microscopic 

details of these alloys are under in
vestigation in many laboratories 
worldwide. Presently, the effects of 
deformation and radiation damage 
in the alloys aTe ill defined. 

One of the alloys we have 
studied is Fe4oNi4oPi4B6

 2 Positron 
lifetimes were measured in as-
received samples of the glassy alloy 
and in samples that were treated to 
deform, embrittle, or crystallize the 
alloy, thus changing its internal 
structure. The data obtained are 
listed in Table 1; three charac
teristics of these data are of par
ticular Interest. 

First, positron lifetimes for the 
deformed and as-received samples 
are the same. The absence of any 
detectable change in these lifetimes 
suggests that no traps are formed 
in the deformation process. In con
trast, crystalline alloys, when de
formed, are knr-wn to have 

Tj^rJUrifsj fl PoaUrml^etimeafoundlnFe^NlaP^Bfpreparedln 
LICCLUAWASS It seoeral form*. The error* are the standard deviation of 
several measurement* on each sample type. 

Sample treatment Positron lifetime, ps 

Aa-recetved clloy 158 ± 25 
Deformed alloy 158 ± 1.6 
Alloy embrittled by 300'C anneal 156 ±1.6 
Alloy embrittled by 350C anneal 155 ± 1.6 
Crystallized alloy 1525 ± 0 8 
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positron-trapping defects that in
crease the positron lifetime by as 
much as 50%. Evidently, whatever 
defects deformation may introduce 
into the structure of amorphous 
alloys, they are either not much dif
ferent from those in the virgin alloy 
or too few to affect positron an
nihilation characteristics. These 
results thus contradict many defor
mation models, which assume the 
generation of vacancies or stable 
dislocations. 

Second, there is a 'mall but 
significant change between the 
lifetime measured in fhe samples 
embrittled by annealing and the as-
received samples. Associated x-ray 
diffraction measurements indicate 
that the interna! order of the em
brittled samples is changed but still 
amorphous. These slight changes 
in phase are reflected in the small 
change in lifetime Although these 
measurements show that the 
material remains amorphous with 
the annealing, there is a drastic 
change in the bulk mechanical 
properties: the material changes 
from being very springy to very brit
tle, even shattering on small im
pact. 

Finally, the change in positron 
lifetimes between the alloy's glassy 
(as-received) phase and the 

crystalline phase is the same sign 
and about the same size as the 
change generally observed be
tween a melt and solid phase in 
other materials. This similarity in 
lifetime behavior is consistent with 
the generally held assumption that 
the glassy phase is similar to the li
quid phase. In addition to probing 
amorphous-to-crystalline and 
liquid-to-crystalline changes, 
positron analysis is also suited to 
studying such phase conditions in 
solids as the crystalline phase, 
growth of Guinier-Preston zones 
(related to precipitation of solutes), 
long-range ordering i;i alloys, and 
martensitic transitions.3 

Comparative radiation-
damage studies 

The radiation damage produced 
by 14-MeV D-T fusion neutrons in 
the first wall and other components 
of a fusion reactor is an important 
problem in the development of 
such reactors. RTNS-11 was con
structed at LLL to produce 14-MeV 
D-T neutrons for these studies.4 

One question under study is the 
importance of the energies of the 
primary knock-on atoms (PKA) in 
determining radiation damage. As 
the energy of the PKA increases, 
the nuclear scattering decreases 
and a larger fraction of the atom's 
energy is lost to electrons. Also, the 
microscopic details of the defect 
change from isolated, randomly 

distributed point defects at low 
PKA energies to highly correlated, 
local clusters at higher PKA 
energies; this results in a com
plicated dependence of defects on 
PKA energy. 

Positron annihilation measure
ments have been used at LLL to 
study the effects from irradiation at 
two sources: RTNS-I and the LLL 
Cyclograaff (a variable-energy 
proton source).5The high-energy 
PKA spec:-a from these two 
sources aTe similar for protons with 
energies greater than 15 MeV; the 
lower energy PKA spectra produce 
significantly more damage in the 
proton case than in the neutron 
case. Thus a detailed comparison 
of the effects from irradiation with 
these two sources will illustrate 
similauries and differences in the 
energy dependence of the 
damage-producing mechanism 
and establish the relationship be
tween long-term damage and 
theoretical values for instantaneous 
damage. 

The focus of our radiation-
damage studies was to investigate 
the dependence of long-term 
damage, or defect production, on 
PKA energy in room-temperature 
iriadiations. Positron-lifetime 
measurements were used to probe 
defect densities and to identify 
defect characteristics. Commer 
dally obtained, 99999%-pure cop
per was irradiated with neutrons ;o 
fluences as high as 5 X 10 1 6 n/cm' 
and with protons to fluences as 
high as 10 l s p/cm 2 . We irradiated 
all samples at near room tem
perature and measured positron 
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lifetimes. We then determined 
lifetimes for the traps and bulk 
material and obtained a trapping 
rate from etch lifetime measure
ment. 

Figure 2 illustrates the depen
dence of the trapping rate on dose 
for neutrons and protons. The 
values for the traps product^ in the 
two cases are nearly the same, in
dicating that there may not be ma
jor differences in the natures of the 
traps. The relationship of the trap
ping rate to unit dose suggests that 
neutrons and protons produce 
similar amounts of damage; this 
suggestion disagrees with the 
generally used simple displacement 
model, which includes the damage 
of all PKA above the threshold for 
producing isolated point defects 
(i.e., about 0030keV). This model 
predicts that the neutrons will 
produce about half the damage 
that protons do. 

As shown in Fig. 3, the simple 
displacement model also does not 
describe the energy dependence of 
the long-term defect concentration 
observed in our experiments. The 
calculated rise in damage produc
tion at lower proton irradiation 
energies does not occur. The 
calculated increase in the damage 
production rate for irradiations with 
lower energy protons is mainly due 
to the increased probability of 
small-angle Coulomb scattering for 
these protons, and the damage 
produced is more widely dis
tributed point defects rather than 
clusters. If defects produced with 
higher energy PKA are more stable, 
then the disagreement between the 
calculated and experimental data 
can be explained. 

1 5 10 15 
Oase - 1 0 1 S particles/cm 2 

[ft Dose dependence of the trapping rate tar neutron- or proton-
=> Irradiated copper. For the neutron Inflations, the free positron 

lifetime Is 120± 3ps and the trapped jxwffrjn lifetime Is 196 ± 6p% for the 
proton Irradiations, the trappedposltrci lifetime fs 173 ± 5p.i- The dose depen
dence for the two Irradiation sources Is similar, as icould be expected if only 
higher energy PKA were contributing to the long4erm damage. If the damage 
from oil recoils survived, the proton trapping rate would be twice that of 
neutrons for equal particle fluences. 
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To try to understand the data, 
we made damage-production 
calculations with the displacement 
model for three much higher 
proton-energy thresholds: 20, 55, 
and 100keV(Fig.3). These 
calculations are obtained by setting 
an energy cutoff in the PKA spec-

bum and then calculating damage 
with the displacement model for all 
recoils above that cutoff. The 
55-keV threshold produces the best 
fit with data from our experiments. 
When we include this threshold in 
the comparison of our neutron and 
proton irradiations, the two data 

1 V 1 
>i Simple 

1 1 
dispfaccment mgdel 

20-keV threshold 

1 •_ 

! 55-keV threshold • 1 • 
s • 9 

Tr
ap

p 

100-keV threshold 

1 

• 
• 

1 i t 
10 15 

Incident proton energy -
20 

MeV 
25 

=fi®o Dependence of trapping rate on incident proton energy. Since 
lower energy protons produce lamer energy PKA in copper, these 

data are sensitive to the dependence of the long-term damage on the PKA 
energy enectrum. The simple displacement model does not describe the depen-
daiceofthe defect production rate on proton Irradiation energy found In our ex
periments. For this model to apply, it must Include an energy threshold for the 
PKA spectrum. Calculation of the damage with such a threshold suggests that 
recoils below 55keVane not active In the production of long-term damage. This 
threshold Is consistent with the dose-dependence data in Fig. 2. 

sets then agree quantitatively within 
the accuracy of the damage 
calculations. The ilhreshold model 
thus can be intetpreted to show the 
relative importance of the high-
energy PKA in damage production 
at room temperature. 

Future work 
We plan future investigations 

along the lines of the alloy and 
radiation-damage studies described 
above. We shall also study void for
mation and the energy threshold in 
the PKA spectrum for proton and 
neutron irradiations, as well as 
Other radiation damage New work 
in phase changes will include a 
detailed look at the liquid-melt 
boundary in pure metals 

Key words: annihilation reactions. Dqpplor 
broadening, nc.ndestnjrtve tcsnr.3. 
photon—annihilation PKA, pc5:!ron;jm. 
positrons 
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Probing nuclear 
structure with 

improved 
electron-scattering 

techniques 

We have been obtaining a new generation of electron-scattering 
data—of better precision and resolution than previously attainable— 
in a collaborative program with MIT that began in 1976. The scatter
ing measurements are made with the linac and energy-loss 
spectromete. at MITs Bates facility, using precision targets from LLL 
made with our advanced chemical and metallurgical capabilities. 
We have obtained new results of elastic and inelastic scattering 
measurements on the rare Isotopes of oxygen (oxygen-17 and 
oxygen-18). These results have yielded new insights into the elec
tromagnetic structure of these nuclei and at the same time have 
opened new questions. 

Electron-scattering techniques 
can probe some of the most fun
damental properties of nuclei, in
cluding the charge and magnetiza
tion distributions of nuclear ground 
states and the transition charge 
densities between the ground and 
excited states, Measurements of 
these properties now can be made 
with greater precision than was 
previously possible, thanks to the 
availability of MIT's Bates facility 
with its linac and energy-loss spec
trometer. Thus an opportunity has 
been created for obtaining and ex
ploiting much more accurate 
electron-scattering data. 

In order to take advantage of 
this opportunity, LLL and MIT 
have been conducting a series of 
collaborative experiments ir. which 
thin, precision-scattering targets— 
manufactured using LLL's ad
vanced chemical and metallurgical 
capabilities—are used in electron-
scattering measurements at the 
Bates facility. We have made such 
measurements on the important 
rare isotopes of oxygen (oxygan-17 
and oxygen-18). We are extending 
these studies to the rare silicon 
isotopes and complementing them 

with proton-scattering studies at the 
Indiana University Cyclotron 
Facility. 

Because of the high energy 
resolution of the energy-loss spec
trometer, we can use composite 
targets and isolate the three oxygen 
isotopes by the welt-resolved peaks 
resulting from the differing recoil 
energies. The ratios of the various 
isotopic components can be 
measured with extremely good 
precision, and hence we can deter
mine the ratios of form factors very 
accurately {to one part in a thou
sand). The form-factor ratios ir. 
turn can be translated into very 
precise information about the 
changes in the charge distribution 
that are induced by the addition of 
one or two ,.ucleons to the "nor
mal" oxygen-16 core (i.e., in going 
to oxygen-17 and oxygen-18). 

Also of interest is the magnetiza-
tior distribution of the oxygen-17 
ground state, since oxygen-17 has 
the magnetic moment of a single 
free neutron. Backscattering elastic 
measurements have enabled us to 

evaluate existing models for 
predicting the magnetization 
distribution. 

Besides the ground state, many 
other slates are resolved, in the 
inelastic-swrtering spectrum, which 
are relevant and of interest. In par
ticular, the E2 transitions (as wall as 
quadrupole moments) for oxygen-
18 indicate strong effective charges 
associated with the va'ence (orbital) 
neutrons. 

Thin targets of BeO. in which the 
oxygen was ennched in oxygen-17 
or oxygen-18. were manufactured 
at LLL from H2O samples.' We 
began obtaining electron-scattering 
data on these targets at the Bates 
facility in 1976. More recently, we 
have synthesized EaO targets from 
oxygen gas highly enriched Ubout 
90%) in oxygen-17 and have re
tained electron-scattering data on 
them as well. These latter data are 
especially valuable for low momen
tum transfers, where interference 
from charge scattering from L & 
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even oxygen isotopes is a serious 
problem. 

Ground-state charge distribu
tions—oxygen-17 and oxygen-18. 
Our first goal was to understand 
the problems associated with the 
comparison of elastic scattering of 
electrons (at 90 dcg) from the 
ground-state charge distributions of 
oxygen-16, oxygen-17, and 
oxygen-18. This work has been 
completed, and a detailed, model-
independent analysis of the data 
has been made. 2 As a result, we 
have measured the ratios of these 
cross sections much more ac
curately than ever before; from 
these improved data we have 
determined the charge distribution 
differences between oxygen-17,18 
and oxygen 16. 

These results are shown in 
Fig. 1, where the charge density p is 
ploited as a funCion of the distance 
rfrom the center of the nucleus for 
oxygen-16 and oxygen-18; on this 

[OS™ 11 The nudeor groimrf-
LrUgJoli rfat- charge dis
tribution pd)for oxygen-16 (solid 
Bite) and far oxygen-lS (dashed 
fine}. On this scale, p(r) for oxygen-
17 u»uld be so dose to that for 
oxygcn-16 as to be indistfnguiah-
ablefwm tt 

scale, p[r) for oxygen-17 would be 
indistinguishable from that for 
oxygen-16. In fact the differer.-e 
berwee.i the root-mean-square 
radii of oxygen-17 and oxygen 16 
is only about one-tenth of that be
tween oxygen-18 and oxygen-16 
(-0.008 ± 0.007 fm as compared 
to +0.074 ± 0.005 fm). Thus, it 
appears that the addition of a 
sins'e valence neutron to the 
oxygen-16 core perturbs the charge 
distribution of the core hardly at all, 
while the addition of a pair of 
valence neutrons perturbs the 
core greatly. This result was 

foreshadowed by our earlier photo-
nucleaT work at LLL 3 and appears 
to be confirmed by our recent 
proton-scattering measurements at 
Indiana.15 

Ground-state magnetization 
distribution—oxygen-17- Our 
second goal was to map the 
magnetization distribution for 
oxygen-17 by making backscatt?r-
ing measurements For the first 
nhase of this project we took 
data scattered at 160 deg horn a 
target enriched to only 20% in 
the oxygen 17 isotope. The 
additional data necessary at lower 

10" 1 „-S, 
/ ^ - % 

i 2 : 
Momentum transfer - fm-' 

Tmnsoerte formjactor data for axjgen-1 7 (Flatted paints). The 
curves Indicate the results of a sing!e-p<ntide calculation rising 

hamonl&cadllator uxnxfimctions; the sc/fd curves am for the Individual mul-
Upole% and the dashed curve Is far the total form fader. 

H@, 
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momentum transfers were ob
tained with the new 180-deg scat
tering sy. .em at Bates, using targets 
having a much higher enrichment 
(about 85%) of oxygen-17. 

The results of this work1' are 
shown in Fig. 2, where the square 
of the transverse form factor FT (the 
Fourier transform of the magnetiza
tion distribution) is plotted as a 
function of the momentum 
transferred to the nucleus by the 
bombarding electron. Since the 
ground-state spin of oxygen-17 is 
5/2, three transitions are possible: 
magnetic dipole (Ml), octupole 

(M3), and 2 5pole (M5). The solid 
curves show the single-particle-
model predictions for these three 
components, and the dashed curve 
shows their sum. The data deviate 
significantly from the prediction of 
this simple model. Moreover, we 
find thst even much more 
sophisticated models cannot ac
count for these deviations, thus 
showing that more theoretical ef
fort is needed on a subject 
heretofore thought to be well 
understood. 

Excited states of oxygen-18. A 
problem wc were able to study for 

the i!rst time—because of our high-
resolution measurement tech
nique—is the excitation of oxygen 
18 to states in the energy region 
below 8 MeV. We have observed 
the excitation of eight even-spin, 
positive-parity states in this region 
and have measured the form factor 
for each state through a wide range 
of momentum transfer. A detailed 
analysis of these data has been 
made using a hybrid model in 
which these states are described by 
linear combinations of two-particle 
configurations and collective excita
tions of the core.6 

A result of this work, for the ex
citation of the lowest lying 2* state, 
is shown in Fig. 3, where the transi 
tion charge density /), is plotted cs a 
function of r. We see that the 
collective component of the 
nuclear excitation (the middle 
curve in Fig. 3) has nearly the same 
spmia! distribution as the s-state-to 
d-state single-part'-cle component 
(lower curve), rather than the dto-
d component (upper curve)—a 
direct indication that collective ex 
citation of oxygen-18 takes place 
prefeientially near the nuclear sur
face, .is is ex cted theoretically. 
This result, when combined with 
the other results of these measure 
ments, ii.oicates that this kind of 
hybrid model might very well 
provide a useful framework within 
which to understand the electro
magnetic structure of such nuclei, 

15 

J 10 

i 

IB® 

d«-d (L = 2) 

Transition charge densities extracted from the form factors of 
the first exdied state cf axpgen-lS. The middle curve (a for the 

collective excitation of the cere, and the other two curves are for the single-
particle excitations. 
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Rare silicon isotopes. We 
plan shorty J begin electron-
scattering measurements on the 
Tare isotopes of silicon, silicon-29 
anJ silicon-30, using thin SiC>2 
targets These measurements will 
tTjlore the effects of adding one or 
two valence neutrons to a core 
(silicon-28) which, unlike oxygen-
16, is thought to be strongly de
formed. Recently, in a collaboration 
between LLL and the University of 
Melbourne, a rela^d series of 
photonuclear measurements has 
been begun as well. 

For further information contact 
Barry L Berman (422-0106). 

Key words: chaige disinbution election seal 
tcxing—meaujiemfc As pxnled stale*, mag 
neiLMlion dislribulion. oxygen isotopes O 16: 
oxygen iwlopcs O 17 oxygen isotopes O 18 
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Observation of channeling 
radiation 

The phenomenon of the chan
neling of positively charged Ions in 
preferred axial or planar directions 
in single crystals has been known 
for about twenty years. Particles 
moving along a crystal axis should 
have a corkscrewlike motion; those 
moving parallel to crystal planes 
should oscillate between the trap
ping planes with a transverse mo-
lion close to that of a harmonic os
cillator. At relativistic energies, 
either motion should lead to the 
emission of narrow-band radiation 
that is strongly peaked forward, I.e., 
in the direction of the charged-
parBcle beam. The existence of 
channeling radiation and some of 
its properties were predicted re
cently by both Russian and 
American physicists. 

In collaboration with the Depart
ment of Electrical Engineering at 
Stanford University and with Oak 
Ridge National Laboratory, we 
have observed radiation from 
channeled particles for the first 
time with a positron beam from the 
LLL election-positron linac [see M. 
Alguard et aL, Phys. Rev. Lett. 42, 
1148 {1979)1 The observation was 
based <--n theoretical work at Stan
ford and on earlier positron and 
electron channeling and radiation 
experiments done at the LLL linac 
with ihin silicon crystals. The latest 
results, also with thin silicon 
crystals, clearly show the structure 
in the radiation spectra that results 
from the channeling of 56-MeV 
positrons (Fig. 2). 

The top three plots in Rg. 2 
show the spectra that result from 
channeling along the three major 
crystal planes; the fourth plot shows 
the spectrum from channeling 
along the (110) axial direction. All 
curves have been normalized to the 
bremsstrahlung spectrum (i.e., the 
spectrum characterizing "unorian-
*ed" directions of the crystal with 
respect to the beam direction). Ac
cordingly, the ordinate units repre
sent spectral ratios rather than in
tensities. The peak energies for the 
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channeling cf 56-MeV positrons In 
jlffoon crystal*. Alt tpectni are (tot
ted as ratios to the biemsstrahUtng 
spectnxm characteristic vf ran
domly oriented silicon samples. The 
peak energies noted henr aaree 
within 10% wtth the best estimates 
bated on modeki for the potentials 
between the mcjor crystal planes. 

42 

curves agree within 10% with the 
best estimates based on models for 
the potentials between major 
crystal planes. The radiation spec
trum from the axial direction also 
shows evidence of planar channel
ing in its 42-keV peak, since this 
peak is contained in the 1110) 
plane The peak energies are given 
approximately by the expression 
2y3t2ta where y is the ratio of the 
energy of the positron to its rest 
mass and <., is the interplanar os
cillator energy interval. 

Future work at the linac will ex
tend these measurements to other 
energies, angles, crystal species and 
thicknesses, and, perhaps most 
importantly, to the use of incident 
beams of electrons. Our long-range 
goal is to develop an intense, 
tunable, narrow-band, highly direc
tional, and polarized source of x 
rays Such a source would be useful 
both for fundamental research and 
for a wide range of applications. 

For further information contact 
Stewart D. Bloom 1422-4519) or 
Barry L Berman (422-9657). 



Measuring the 
hydrogen and helium 

produced by fusion 
neutron reactions 

Hydrogen and helium produced by the reactions of fusion neutrons 
can significantly degrade the properties of structural materials 
used in future fusion reactors. We have recently measured the 
probability of forming hydrogen and helium in seven major dements 
and In two stainless-steel alloys. We have also investigated 11 
isotopes of the elements to validate nuclear reaction model codes, 
which are essential in providing much of the neutronic data for fusion 
applications. We will complete studies of other elements of structural 
materials and will expand our investigation to Include pertinent non
structural elements. The resulting data base of cross sections far 
hydrogen and helium production will help us interpret complex 
radiation damage experiments. 

The components of future fu 
sion reactors will be subjected to 
radiation damage from the high 
flux of 14-MeV neutrons produced 
in the D + T - n + a fusion reac 
tion. AJI indications now are that 
this radiation damage will be much 
more severe than that in fission 
reactors: at comparable power, the 
fusion reactor will produce about 8 
times more neutrons, and their 
average initial energy will be 7 
times higher. The effects of this 
higher neutron energy are just 
beginning to be studied, a large un
dertaking because of the variety of 
physical processes that come into 
play. 

One process certain to be more 
important a! the higher neutron 
energy is the nuclear transmutation 
that produces hydrogen and 
helium. These gases cause 
hydrogen embrittlement and 
helium void stabilization, which 
degrade the ductility and change 
the radiation aeep properties of 
materials. In the presei.ee of other 

radiation damage, their effects will 
likely be different in ways not yet 
well understood. To aesign and in 
terpret radiation damage expert 
ments. one must know how much 
hydrogen and helium are 
produced by transmutation. 

We are measuring the 
probability of forming hydrogen 
and helium when fusion neutrons 
interact with various structural 
materials likely to be used in fusion 
reactors. Our method is to measure 
the charged particles (protons, 
deuterons, and alpha particles) 
from reactions induced by 14- to 
15-MeV neutrons.1 In a bulk 
materia!, these charged particles 
stop after penetrating less than 
than 2 mm; by electron attachment 
the protons and deuterons then 
become hydrogen and the alpha 
particles become helium. With our 
magnetic quadrupole spec
trometer, developed in collabora
tion with researchers at the Univer
sity of Wisconsin, we can measure 
the charged particles much more 
cleanly than with previous tech 
niques. Once we have those 

measurements, we can integrate 
the spectra over the energy and the 
angular distribution to obtain a total 
production cross section. 

Experimental results. l,i our 
work to date, we have concentrated 
on the elements cf such potential 
structural materials as most stain
less steels (chromium, iron, nickel). 
some refractory metals (vanadium, 
niobium), and other commonly 
used metals (aluminum, titanium, 
copper). To check consistency and 
to test for the effect of impurities, 
we also measured chargad-partiele 
production in two stainless-steel 
alloys, SS-316 and SS-304. 

The results, shown :n Fig. 1. il
lustrate the wide range of 
probabilities of the reactions, quan
tified as cross sections, for these 
elements and alloys. Although the 
response of the structural materials 
to these gases likely will be dif
ferent we know from these data 
that the amount of hydrogen and 
helium produced by transmutation 
depends strongly on the con
stituents of the materials. For exam
ple, a factorof 15 difference in 
hydrogen production was observed 
between niobium and nickel. 
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Our data were taken at 15-MeV 
neutron energy, slightly higher than 
the 1 * MeV fusicn energy but ex
perimentally mucn more con
venient. To extrapolate the data to 
14 MeV, nuclear reaction mode! 
codes are essential.2 To verify the 
accuracy of these codes and to un
derstand the nuclear processes, we 
have measured charged-particle 
production in many of the stable 
isotopes of tl.e elements studied; 
aluminum 27. titanium-46, 
titanium-48, vanadium-51, 
chromium-50, chromium-52, iron-
54, iron-56, nickel-58, nickel-60, 
copper-63. copper 65, and 

niobium-93. The predictions of the 
best model calculations are 
generally quite close to our 
measured cross sections. 

A more stringent test of the 
models is if they can also reproduce 
the energy spectrum of the charged 
particles as well as the spectrum-
integrated cross section. A favorable 
result is shown in Fig. 2, where the 
data are well described by a com
bination of two reaction models, one 
treating protons evaporated from 
the compound nucleus, the other 
describing the emission of protons 
before the nucleus comes to 
thermal equilibrium. 

0.8 

1 0.6 

& 0.4 

0.2 

| | Hydrogen 

j~~] Helium 

hD n 3 ho* j 
A! Ti V Cr Fe Ni Cu Nb SS-204 

and 
5S-316 

H^W! Tl Pn>dticdon cross sections of hydrogen and helium far IS-MeV 
Li U y D li. neutrana on various elements and alloys proposed as structural 
materials forfuslen reactors. Although the production cross sections for helium 
are smaller than those for hydrogen, the effects of helium en structural 
materials may be greater. 

Our experimental data are being 
used by researchers at the Oak 
Ridge National Laboratory, the Los 
Alamos Scientific Laboratory, and 
the Hanford Engineering Develop
ment Laboratory, as well as by us. 
to check nuclear reaction model 
codes. The general result is that, for 
the elements anH alloys studied, 
the codes describe the proton-
emission data quite well if reason
able parameters are used in 

5 10 
Proton energy - MeV 
<{p Energy spectia of 
& protons emlttt.1 

from chromlum-52 when It Is 
bombarded with 15-MeV neutrons. 
The horizo-.ital bars denote the 
binned experimental data. The 
curves shew the results qf nudear-
reactlon-model calculations; the 
dashed curve represents a particle 
evaporation model: the dotted 
curve isforpre-equlllbrium proton 
emission; and th? solid curve 
shows the sum of the two calcula
tions, in good agreement with the 
experimental data. 
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the calculations. The alpha-particle-
emission data are described almost 
as well, jut the deuteron data are 
very difficult to calculate. For
tunately, for reactor applications, 
the deuteron emission cross sec
tions are small compared with 
those of protons. 

Future work. Some elements 
of possible structural materials 
remain to be studied, such as 
molybdenum and zirconium, and 
are under investigation now. Non
structural elements—carbon, 
lithium, boron, and oxygen—will be 
the next major area for investiga
tion; all have likely applications in 
fusion reactois. Studying these ele
ments differs from studying the 

heavier ones in that nuclear models 
probably will not describe the data 
accurately. The measurements 
must therefore be made at 14 MeV, 
the neutron energy of fusion reac
tors. The Rotating Target Neutron 
Source (RTNS-I) at LLL has been 
modified to permit these measure
ments. 

With this rapidly expanding data 
base of cross sections from 
hydrogen and helium production, 
we will have more confidence in in
terpreting the complex radiation 
damage experiments soon to be 
undertaken at RTNSII (the 
Laboratory's new irradiation 
facility}3 and at other ir— , iation 
test facilities. 

For further information contact 
Robert C. Haight (422-4510). 

Key word*: chargedporrjcle detectors; fast 
neutrons—cross sections, fusion reactors, 
materials—effects of radiation, spectrometer— 
quadruped 

Note* and references 
1. The InlBa! development and application of 

the magnetic quadrupole spectrometer are 
described In the April 1977 Energy and 
Technology tfeiicui IUCRL-520OO-774I, 
p 14. 

2. Some LLL activities In nuc!ear modeling ere 
described In the May 1979 Energy and 
Technology Review (UCRL-S200O79 5). 
P 1 

3 rTTNS'l and RTNS-II are described in the 
March 1978 Energy and Technology 
ftViaeti) (UCRL-520CO78-3). p, 16. 
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