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FOREWORD 
Sandia Laboratories is a multiprogram laboratory operated 
for the Energy Research and Development Administration. 
Our primary responsibilities are in research and development 
for nuclear weapon systems. Substantial efforts are also 
applied to energy research and other programs of national 
importance. This publication describes some of our de
velopments, and accomplishments in unclassified programs. 
Activities of classified nature are reported in a companion 
publication, Sandia Technical Review. 
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This facility will provide a safe and environmentally 
acceptable disposal for radioactive wastes that have 
resulted from the national defense effort. 

A radioactive-waste isolation pilot plant 
The objective of the Waste Isolation Pilot Plant (WIPP) 
program is to demonstrate the suitability of bedded salt 
— specifically, the bedded salt deposits in the Los 
Medanos area of southeastern New Mexico — as a dis
posal medium for radioactive wastes. Our program re
sponsibilities include site selection considerations, all 
aspects of design and development, technical guidance 
of facility operation, environmental impact assessment, 
and technical support to BRDA for developing public 
understanding of the facility. 

The principal justification for the WTPP is the need for 
storing wastes generated by the national defense program 
over the past 30 years. These wastes vary in content of 
elements heavier than uranium (TRansUranics — TRU) 
and in level of radioactivity. Materials (such as clothing, 
wood, wipe rags, scrap tools, etc ), contaminated with 
transuranics but low enough in radioactivity to permit 
"contact" handling, are called TRU wastes. Other 
wastes, which may contain transuranics but require re
mote handling because they contain fission products, are 
subdivided into intermediate- or high-level wastes (ILW 
or HLW). Although these subcategories are not sharply 
distinguished, it is generally true that HLW has a thermal 
output requiring special consideration for salt storage, 
while ILW poses only the radiation problem. 

Currently in temporary storage at various ERDA 
facilities are about 100,000 m 3 of TRU wastes, and 
HLW equivalent to about 60,000 m 3 when processed to 
solids. A relatively small volume of ILW exists in the 
form of high-radioactivity TRU waste, obsolete process 
vessels, etc. In addition, TRU wastes are being gener
ated at a rate of about 6000 m' per year. As a pilot plant, 
the facility will receive only TRU wastes and ILW gen
erated by the government. However, the design is also 
compatible with the radiation and thermal characteristics 
of commercial high-level wastes, and experiments to 

For further information about this article contact W. D. Weart. 

define the behavior of HLW in salt storage will begin as 
soon as underground construction permits. Our present 
charter calls for recovering the HLW upon completion of 
the experiments and moving it to a licensed HLW re
pository. 

As the laboratory responsible for developing a WIPP for 
existing wastes, we consider ourselves neither propo
nents nor adversaries of a nuclear fuel cycle or even 
bedded-salt storage but rather technical managers of a 
pilot program that could demonstrate the feasibility of 
long-term nuclear waste disposal in salt formations. 

Site Selection 

In selecting a site for long-term storage of radioactive 
nuclear wastes we seek to satisfy two fundamental objec
tives: 

The radioactive materials should be kept from 
interacting with the biosphere until sufficient 
dilution or decay of the radioactivity has occur
red — a time span that depends on many factors 
but is sometimes considered to be about 10 
half-lives of the radionuclide. * 

The dedication of a site to repository use should 
produce the least possible conflict with other 
human endeavors. 

From these objectives are derived a number of criteria 
(pertaining to, for example, geology, hydrology, seis
mology, demography, etc) that must be satisfied by a 
site. Our program includes investigations to ascertain as 

*Some radionuclides do not require long-terni storage: e.g. , , 3 1 I has a 
half-life of about 8 days and l e s A u about 3 days. Long-lived nuclides 
such as "SR (half-life - 2 8 yrs) and ' " C s (half-life " 3 0 yrs) require 
safe storage for hundreds of years. Still longer storage times are 
required for extremely long-lived rudionuciKfes as, for example, 2 3 B P u 
with a half-life of about 24,000 years. 
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completely as possible that the specific site fulfills the 
selection criteria. 

To be considered for a site, an area must first possess the 
proper geology: e.g., salt beds with appropriate thick
ness, extent, depth, and absence of moving water. 
Geological investigations, among the most important for 
a specific site, evaluate potential conflicts with mineral 
resource exploitation and possible ways waste could be 
released by natural phenomena during the long-term 
storage that would follow if the WIPP should be con
vened to a repository. Geologic evidence also provides 
some indications of past climatic conditions and hence of 
possible long-term future environmental changes in the 
region. 

Hydrologic investigations are of primary importance for 
a pilot plant that might become a repository since all 
credible modes of release of radioactivity from a reposi
tory involve, at some stage, transport by ground water. 
These investigations consist of thorough evaluation of 
existing and potential aquifers to determine possible 
routes of ground water flow that might carry radionu
clides to the biosphere. 

Seismological studies assess the earthquake risk to the 
WIPP by analysis of the seismic history of the area. This 
analysis, together with geologic studies will be used in 
assessing the long-term potential for faulting, folding, or 
other deformation of the earth's crust. 

The site under consideration is in southeast New Mexico 
about 50 km east of Carlsbad (Fig. 1). A surface facility 

STUDY AREA 

Fig. 1 T I M tit* bdng considwad for construction of • waste 
notation pilot plant It In southeast Nsw Mexico. 

of about 0.25 km2 (60 acres) will be fenced and pro
tected. The repository, an underground area of 7.8 km-, 
will be surrounded by two control zones, each 1.6 km 
wide. The total area used or controlled by the pilot plant 
will be = 75 km 2. All of the land is owned either by the 
federal government or by the State of New Mexico. The 
area, which is unoccupied, is presently used for grazing 
at a density of about 9 cattle per section, or one head per 
70 acres. 

The possibility that some reso>:.ces may be excluded as 
potential supplies is being thoroughly investigated. We 
have completed a drilling program, in conjunction with 
the U. S. Geological Survey, to evaluate potash re
sources in the area. Independent petroleum engineering 
concerns have been retained to evaluate oil and gas 
availability beneath the potential site and to assess the 
economics of recovering the resources. In addition, we 
are investigating techniques for recovering oil, gas, and 
potash without jeopardizing the security of the site. 

WIPP Design 

A policy which significantly influences the pilot ,-lant 
concept is ERDA's commitment to provide for and dem
onstrate retrievability of waste during the pilot plant 
stage. The HLW experiments present the most severe 
retrieval problem because of the thermal and radiation 
effects on the salt and on the waste package. Some 
emplacement experiments imply retrieval by simply 
overcoring the waste — in effect recovering a "salt 
cannister" containing the waste. 

WfPP waste acceptance criteria require that all wastes be 
in solid form. To the extent practicable, TRU wastes will 
be incinerated, stabilized in concrete or glass, and pack
aged in 200-liter drums or larger-volume boxes. Liquid 
HLW will be calcined to a dry powder, stabilized in a 
low teachability solid such as borosilicate glass, and 
packaged in stainless-steel canisters about 30 to 40 cm in 
diameter and 3 to 4.5 m in length. ILW processing and 
packaging will be chosen to accommodate the specific 
waste type. 

Only the TRU wastes are amenable to handling by con
tact methods; all other waste types require shielding 
and/or remote handling. Therefore the WIPP will be 
divided into a "cold facility" for TRU wastes and a "hot 
facility" for all other wastes. Our repository design (Fig. 
2) has two storage levels at depths of about 650 m and 
800 m. They are served by a man-and-materials shaft 
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which is isolated from the HLW storage by airlocks. The 
two areas have independent ventilation systems and 
separate waste transport shafts which link the levels to 
self-contained surface facilities whose interiors are iso
lated from the outside atmosphere. Each surface facility 
can receive wastes by rail or motor truck. Provision for 
decontaminating shipping casks and waste containers, 
and facilities for "overpacking" ruptured waste packages 
will be necessary. Except for treatment of site-generated 
decontamination wastes and air filters, no other waste 
processing will be carried out at the WIPP. 

SupporlitiB Studies 

Theoretical, laboratory, and field studies are necessary to 
ensure safety and effectiveness of the pilot plant design 
and operation, and to answer basic questions regarding 

confinement of radionuclides. The investigations 
planned or in progress are categorized as Fundamental 
Studies (which precede establishment of a pilot plant in 
bedded salt) and as Design and Operational Studies 
(which may continue throughout the life of the plant). 

Fundamental studies include investigations of rock 
mechanics, computer analyses of mine designs, chemical 
and physical characterization of waste, and geochemical 
analyses of the waste-cannister-salt system. Experimen
tally determined thermal and mechanical properties of 
rocks are being used in temperature-dependent structural 
studies that will influence placement of repository can-
nisters, room size, pillar dimensions, and other design 
parameters. 

Investigations pertaining to the design and operation of 
the WIPP include in-situ stress and rock deformahility 

Fig . 2 The waste irclatlon pilot 
plant is a bi-levet facility with storage 
at depths of 650 and BOO metres. 
Transuranic (TRU) -contaminated 
wastes that can be contact handled 
are stored on the upper level; in
termediate- and high-level wastes re
quiring remote handling are stored 
on the lower level. 



measurements, pillar model experiments, structural in
tegrity evaluations, and mate'.ial/salt interactions. We 
plan to make measurements, vhrough bore holes, of the 
rock deformation (creep) at mine depths to learn how 
rapidly openings will close. Spontaneous closure is ob
viously desirable lor long-term storage, but premature 
closure wiil complicate retrievals. 

Environmental Impact Considerations 

We are preparing a Draft Environmental Impact State
ment (DEIS) which sets forth possible impacts of the 
WIPP on the natural environment. We have established 
that the ongoing geologic processes pertaining to this site 
will not destroy the integrity of the repository during the 
next few hundred thousand years. Currently under 
thorough investigation are the potential consequences of 
inadvertent human penetration of the repository. Catas
trophic events, such as meteor impact or breaching of the 
salt beds by major faulting, are among the improbable 
occurrences that are being considered. The DEIS also 
addresses the social and economic impacts of the WIPP. 

The completed Draft Environmental Impact Statement 
will be distributed to government agencies, environmen-

40,000 rpm spin facility 
Field firing of nuclear artillery shells has indicated that 
failures could be caused not only by the violent setback 
force of the explosive launch but also by the centrifugal 
force of the spin imparted by the gun barrel's rifling. To 
reduce the cost and time for obtaining test data from field 
launches, we now simulate the spin portion of the flight 
environment in a test facility capable of spinning a 
350-kg test specimen up to 40,000 rpm. 

Entire shells, suspended vertically from a flexible sup
port in a 1,2-m- diameter concrete-lined pit, are spun at 
typical launch conditions of 10,000 to 20,000 rpm. The 
arming and fuzing sequence for the shell, including det
onation of small explosive devices, can be carried out 
during spin. Slip rings are available for sending signals 

For further information about this article contact R. M. Hargreaves. 

tal organizations, and individuals for comment. Public 
hearings on the facility and its impact will be held in 
several localities to assure that the public participates in 
the deliberations. An acceptable statement of environ
mental impact is an essential step in the development of 
trie WIPP. 

The Future 

The Conceptual Design Report and the Draft Environ
mental Impact Statement, both to be completed and for
warded to ERDA in June 1977, are prerequisites to 
receiving authorization to start construction in 1979. 
First receipt of low-level radio-active waste is anticipated 
in 1983 and in that year we will also begin experiments 
with high-level waste. The eventual scope and opera
tional lifetime of this repository will depend upon the 
availability of other geologic disposal sites now being 
investigated and upon new disposal technologies now 
under study. If necessary, this one site could accommo
date all defense and commercial radioactive waste gener
ated in the United States into the 2] st Century. 

93 

to test devices inside the shell and for gathering perfor
mance data during the spin operation. The test chamber 
can be evacuated to prevent the excitation of vibration 
modes not present in free flight, and the test unit can be 
temperature-conditioned with a portable temperature-
control unit. 

Tests of artillery shells in actual firings rely heavily on 
telemetered data returns. Use of the spin facility to make 
fast, inexpensive, preflight tests of telemetry compo
nents has done much to prevent data-loss failures in field 
tests. 

Recently an additional application for tHe facility has 
been found in one of our energy programs. Composite 
fly wheels, being studied as energy storage devices, are 
tested on the spinner up to its limit of 40,000 rpm. 0B 
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We are developing a nuclear thermal flashblmdness 
protection device that satisfies a Required Operational 
Capability for the Strategic Air Command. 

Nuclear thermal and flashblindness 
protection for air crews 

Strategic and defensive missions of the U. S. Air Force 
could be seriously hampered if air crews were temporar
ily blinded by the intense visible and thermal radiation 
from nuclear detonations. To protect against such dis
ablements, we are developing a thermal flashblindness 
protection device (TFPD) for that service. Protection is 
afforded by an electrically controlled solid-state shutter 
lens in a goggle assembly (Fig. I). The lens, a thin wafer 
of transparent electro-optic ceramic sandwiched between 
crossed polarizers, reacts to a light pulse in micro
seconds, reducing transmitted light sufficiently to pre
vent flashblindness. 

The key to protection is a transparent ceramic material, 
an outyewth of ferroelectric ceramics development for 
nuclear weapons. This material evolved as a result of our 
discoveries of process techniques and controls required 
to produce the chemical and mechanical microscopic 
perfection necessary to achieve optical transparency in 
ceramics of this type. 

Tlie TFPD is being readied for initial production in late 
1977. The production process involves transfer of new 
technologies to manufacturers of several goggle subas
semblies. The Bendix Corporation, Kansas City Divi
sion, an integrated contractor to ERDA, will not only 
produce the remaining subassemblies but will also as
semble the complete device. 

Operating Principle of the Goggle Device 

The electro-optic ceramic is one member of a family of 
compositions of lead zirconate titanates with substitu
tions of lanthanum; it is called PLZT for lead-
lanthanum-zirconate titanate. The X/65/35 PLZT 
ceramic materials (lead zirconatc/lead titanate ratio of 

i#- ;M& 
Fig. 1 . Prototype of helmet-mounted goggle. An electrically 
controlled solid-state shutter reacts to a light pulse to pro
vide protection from thermal and flashblindness. 

Optic axil 
PLZT electrooptic 
ceramic 

For further informalio.i about this anicle contact P. D. Wilcox. 

Fig. 2 . Schematic ol an electro-optic shutter in the open 
state. The PLZT goggle-lens element (over the center part of 
the schematic) demonstrates the transparency of the ele
ment and shows the line-electrode pattern. 
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. INPUT. 
| / (linearly polarized) 

OUTPUT POLARIZATION 

Optic axis 

A birefringent (double refracting) PLZT wafer exhibits a 
different index of refraction to light polarized in a plane 
containing the optic axis of the ceramic and light 
polarized in a plane normal to the optic axis. In the 
goggle application, light from the polarizer, vibrating in a 
plane at 43° to the optic axis, is broken into two compo
nents, parallel and perpendicular to the optic axis of the 
PLZT wafer. When the electro-optic ceramic is activated 
to a birefringent state by an electric field, the compo
nents travel with different speeds within the wafer; a 
phase difference, l \ is introduced and the emerging light 
is elliptically polarized. The increasing phase shift of the 
emergent light, (b) through (c), is caused by a thicker 
ceramic, an increased electric field, or both. Retardation 
of one component by one-half wavelength restores the 
plane polarization but with a 90° rotation. 

Elliptical 

%if%!F* 
\-r=\/4 Circular 

•A r*-T Elliptical 
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w 
65/35, with X atomic percent of the lead replaced with 
lanthanum) with X typically greater than 9, exhibit elec
trically controlled uniaxial birefringence (see box), 
whose magnitude varies with the square of the electric 
field. Thus, polished and electroded PLZT wafers, prop
erly oriented and sandwiched between crossed polariz
ers, create a light modulator in the configuration of an 
electro-optic shutter, called a Kerr cell (Fig. 2). 

Varying the voltage applied to the electrodes on the 
surface of the PLZT wafer changes the optical properties 
of the wafer and causes the shutter to open or close. 
In the zero-voltage condition, or "closed" state, the 
PLZT material is optically isotropic; therefore the plane 
of the light polarization is unaffected and the crossed 
polarizer pair efficiently blocks the light transmission. 
When voltage is applied to the PLZT it becomes opti
cally birefringent, causing the linearly polarized light 
which passes through it to change to some state of ellipti
cal polarization. A component of this light will pass 
through the second polarizer, producing the "open" state 
of the Kerr cell. If the applied voltage exactly matches 
the half-wave voltage* of the PLZT wafer, the light 
which leaves the wafer will again be linearly polarized, 

but with its polarization orthogonal to that of the entering 
light. Consequently, maximum light intensity will be 
admitted through the second polarizer. This is the 
"fully open" state. 

Transrnit'ance in the fully open state is about 20%, 
roughly equivalent to the transmittance of pale polaroid 
sunglasses. The transmittance is limited only by losses in 
reflection at interfaces and by a small amount of absorp
tion and scattering in the polarizers themselves. In the 
closed state, transmittance is reduced nearly four orders 
of magnitude to 0.003%. By means of electrical control, 
traiismittance can also be varied continuously over the 
entire on-to-off range. 

A special glass filter (KG-3), that is transparent to visible 
radiation, is used in front of the first polarizer to absorb 
the infrared (cnermal) radiation from the nuclear burst. 
Transmittance in the ultraviolet is always blocked, since 
botl. the PLZT and the polarizers are opaque to radiation 
below about 370 nm in wavelength. 

*That voltage at which the PLZT wafer will shift the phase relationship 
of two components of the light bv one-half wave length. 
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The Optical Lens Assembly 

The lens assembly, a key element of the goggle device, 
is based on the availability of transparent electro-optic 
ceramics and the development of new technologies in
cluding ceramic fabrication, polishing'of large thin 
ceramics, production of long, continuous, line-elec
trodes (Fig. 2), and assembly lamination. 

suitable lor production operations, they must also have 
the correct index of refri.:tion, must not exhibit bire
fringence when strained or subjected to electric fields, 
and must not slow the strain release of the ceramic when 
it is switched to the closed state. 

Device Design Concepts _ 

Ceramics: A new level of physical and chemical perfec
tion was required to produce the transparency of the 
polycrystalline ceramic. The physical defects, including 
pores, are so few that light scattering is not observed as it 
is in conventional polycrystalline ceramic materials. 
Also, chemical homogeneity is maintained so thoroughly 
that local changes in birefringence do not interfere either 
with transparency or with optical applications. 

Polishing operations on 0.4-mm-thick, 102-mm-
diameter polycrystalline wafers require considerable care 
and cleanliness, and must contend with such difficulties 
as grain pull-out, differenthl polishing rates of indi
vidual grains, and stresses that create birefringence and 
degrade the shutter or cause warping of the thin wafers. 

Electroding by the photo-lithographic method, widely 
used in the electronics industry, is noi satisfactory be
cause of yield deficiencies. A new technology has been 
developed for producing electrodes (which are 75-fim 
wide, several meters in length, and completely free of 
breaks) on each side of a polished wafer without creating 
surface stresses or damage. 

Lamination of several elements to form the assembly 
(Fig. 3) requires adhesives with special properties. The 
adhesives must not only be transparent, rugged, and 

+ Aircraft 
2 8 V d c 

Electronic controller 

Photo 
detector 
(behind lens) 

KG 3 (2 mm) 
Polsrizer ( ) 
PLZT (0.9 mm) 
Analyzer ( ) 
Glass (0.9 mm) 

- 5 mm max. 
(assembled) 

Fig. 3. Photo-optical feedback system and Ine laminated 
lens assembly. 

The lens assembly is mounted into the goggle frame, 
which has a silicone skirt along the bottom edge to 
pi-event iighl leaks (Fig. 1). The goggle connects to the 
28 V de aircraft power through attachments designed to 
accommodate various goggle positions on helmets of 
different sizes. 

Two photodetectors mounted behind the PLZT lenses 
monitor ambient light in the forward field of view. 
Photocurrent generated by ambient light is converted by 

. the controller (Fig. 3) to a voltage that is continuously 
monitored and stored to represent the ambient light level. 
All of the ambient light level monitoring, detection, and 
switching cii 'itry, except for the photodetectors, is in 
the controller package along with logic and servo-control 
circuitry. A dc-dc converter section generates the high 
voltage (up to MOO V) required to operate the t-LZT 
lenses. For operation in temperature extremes, a manual 
control is provided to adjust output voltage and to pro
vide compensation for the temperature-dependent 
electro-optic characteristics. 

Operational Testing 

Operational tests were necessary to determine how well 
aircrews could perform their functions with the limited 
transmission of the goggles. To confirm operation 
safety and mission success under these visibility condi
tions, day and night missions including the pertinent 
critical flight operations — taxi, take-off, high-level 
flight, low-level flight, and mid-air refueling — have 
been flown using operational USAF/SAC aircrews in 
B-52, KC-135, and FB-111 aircraft. The results of tests 
with transmission levels of 22% and 16% were almost 
identical, and the average rating (using the Cooper-
Harper method) was "slight to some difficulty, with 
performance equal to or close to normal." Recommenda
tions from these tests relating to mechanical fit, "rain
bow" effects in windscreens, donning and doffing, 
field-of-view, and weight have been taken into account 
in the present design. OS 
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Solar irrigation experiment 

Operation of 160,000 irrigation wells in the Southwest 
powered by natural gas is threatened by rising prices and 
eventual fuel shortages. With New Mexico State Univer
sity we are engaged in .a joint experiment (funded by 
ERDA, the State of New Mexico and the Four Corners 
Regional Commission) to develop and demonstrate a 
water-pumping system that uses solar energy as an alter
native to natural gas. The near-term objectives arc to 
demonstrate operation of a solar-powered irrigation sys
tem based entirely on available technology, and to col
lect data from temperature sensors, flow indicators, and 
meteorological instruments that will enable us to 
thoroughly evaluate the system. 

tors is heated to 490 K and pumped to the thermal storage 
tank. This fluid is used as needed by :ransferring its 
energy through a heat exchanger to a working fluid 
(freon) which powers a Rankine-cycle engine. The 
19-kW (25-shafl-hp) engine will pump 44 Us (700 gpm) 
from a 34-m-deep (110-ft) well for 23 hours/day during 
the 100-day growing season. The water is not applied 
directly onto a field but is store' in a 5500-in'1 (4.5 ac-ft) 
pond so that NMSU experimenters can use the water to 
test irrigation techniques and equipment, and to conduct 
agricultural experiments. (In normal operation the irriga
tion water, sufficient for 100 acres of mixed crops, 
would be pumped directly onto a field.) 

The installation consists of a field of sun-tracking solar 
collectors, an insulated tank for storing energy as heated 
fluid, a heat engine, irrigation pump, controls, and a 
water storage pond. A fluid circulated through the collec-

For further information about this article contact R. L. Alvis 

T.ie solar irrigation experiment, being installed in the 
Estancia Valley, near Willa_d, NM, will be in full opera
tion for the 1977 growing season. When the solar power 
system is not operating the irrigation pump, it can be 
used to provide 120-kW-thermal or 19-kW-electrical 
power for alternative uses. 

Agriculture experlm«*3|N|i&t locution 
Irrigation pump "* "755w 
Well pump and engine 
Control and electrical distribute 
Thermal storage _ ^ , 
Instrumentation trailer " * " & . 
cuture greenhouse site * ^ 
Collec v field 
rngation pond 

10 Edge of irrigated field 

The ERDA/New Mexico solar Irrigation experiment will evaluate the technical and economic aspects of an alternative to 
natural-gas-powered pumps. |X] 
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A new measurement capability for near-surface analysis 
is applicable to weapon and energy projects, 

Measurement of light-atom distributions in solids 
We have developed a sensitive technique that is capable 
of nondestructively measuring the abundance and 
depth-distribution of isotopes of hydrogen or helium im
bedded in a solid. The measurement is a form of ion-
backscattering spectrometry which uses protons to probe 
within —10 /nm of the surface of a solid. By analyzing 
the energy of the backscattered protons we can determine 
the number of atoms of a given mass present at various 
depths in the target material. This method permits detec
tion of the lightest elements (i.e., those most difficult to 
detect by conventions! ion-backscattering spectrometry) 
without sacrificing the capability of revealing the abun
dance and depth-distribution of heavier elements. 

This direct measurement technique has made it possible 
to obtain information that once was either inaccessible or 
only inferable from related data or theoretical treatments. 
An important and frequent application of the technique is 
to studies that use ion implantation to create distributions 
of light atoms in solids. Ion implantation is a powerful 
experimental procedure in which a material is bom
barded with 2 beam of ions whose number and energy are 
varied to alter the abundance and depth-distribution of 
the ions implanted in the target material. Because we can 
now directly measure the actual abundances and distribu
tions that result from an implantation, we can accurately 
define the implant conditi"' * required lor a specific 
desired result. Furtherm": '.-..̂ "ise the measurement is 

For further information aboul "•uictR. S.Bkwer. 

nondestructive, a series of measurements can be made on 
the same sample to monitor the evolution of a process. 
For example, we have measured the initial distribution of 
helium implanted in a metal, then in subsequent mea
surements kept track of the helium migration. 

Applications 

In many situations it is important to measure the distribu
tion of light atoms in a solid, particular'!./ in conjunction 
with ion implantation when i! is used to simulate the 
atomic distributions tnat occur in the materials of 
weapons, energy systems, and microelectronics. Major 
applications of the technique are found in studies of 
neutron generator targets and fusion reactor walls. 

Neutron generators are used not only in nuclear weapons 
and in well-logging operations, but also in techniques 
being developed for cancer treatment. A problem that 
plagues neutron generators with tritium-impregnated 
targets is that helium accumulates in the target as the 
tritium undergoes radioactive decay. When the accumu
lated helium is eventually released, it will produce free 
helium in the vacuum tube — and in certain cir
cumstances could produce blistering on the target sur
face. Because these effects can degrade neutron 
generator operation, the release phenomenon has been 
the object of considerable experimental and theoretical 
investigation. Whereas previous measurements have in
volved detection of gas that is emitted from the sample, 

or tin nwiunwicn imyar. 
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the proton backscattering technique measures directly the 
helium left in the target. Moreover, it reveals the depth-
distribution of helium and other gases in target materials 
and thus provides a means for developing improved 
simulations of aged targets. 

Subsurface accumulations of helium will also occur in 
fusion reactor walls that are expend to the flux of alpha 
particles (helium nuclei) that are generated by the fusion 
reaction. These particles, with various energies and inci
dent directions, impinge on the walls and become im
planted. If blistering effects like those shown in Fig. 1 
occur, they could seriously erode the wall and possibly 
even quench the power-producing reactions. With our 
new measurement technique we can measure helium 
distributions implanted in wall materials, even at ele
vated temperatures, and can correlate abundances and 
distributions with the effects they produce. 

Proton Backscattering Technique 

The scattering of a posit;vely charged particle (in this 
case a proton) by the electrostatic ;on of a posi
tively charged nucleus is called Ruthei:*..d Scattering.* 
Rutherford Ion Backscattering Spectrometry (RIBS) is a 
nondestructive-analysis technique capable of revealing 
both the abundance and depth-distribution of impurity 
atoms within the first few micrometers of a solid surface, 
but until recently, it was thought to be insensitive to low 
mass atomic distributions of interest to us. RIBS is most 
useful for detecting heavy impurity atoms in the surface 
of a material of relatively light atoms because the scatter
ing cross section (the probability that incident atoms will 
elastically scatter from a target atom) increases as the 
square of the number of protons in the target nucleus. 
Thus, with equal atom concentrations of gold atoms in a 
matrix of aluminum atoms there is a probability of 37:1 
that a given incident ion will clastically scatter from a 
gold atom in the target rather than from an aluminum 
atom. Although this makes the sensitivity for detection 
of gold atoms in the target very high, the situation is 
unfavorable if one is interested in detecting aluminum 
atoms, and still worse if one wishes to detect even lighter 
atoms. Our modifications of the RIBS technique permit 
not only detection of light elements in a solid target but 
also measurement of their concentration and depth-
distribution. 

•Named for Lord Rutherford who in 1911 developed a theoretical 
description of Ihe scattering of charged particles by the electrostatic 
field of a point charge. 

The principles of the proton backscattering technique are 
schematically illustrated in Fig. 2. A beam of 
monoenergelic protons is directed at a surface. Most of 
the protons pass through a thin target essentially without 
deviation, but some are scattered at large angles by the 
taiget atoms. A small silicon detector intercepts the pro
tons backscattered in a given direction,, and measures the 

ENERGY OF 8ACKSCATTERE0 PROTONS 

Fig. 2. Schematic of proton backscattering geometry 
(above) and graph of data showing abundance and depth-
distribution of sample constituents (below). The "surface" 
relative to each element is Indicated by the half-hashed lines. 
The horizontal axis, read from right to left, Is proportional to 
depth for each clement. 

energy of each. Their energies are determined by (1) the 
incident proton energy, (2) the scattering angle, (3) the 
mass of the proton, (4) the mass of the target atom, and 
(5) the depth in the sample at which the scattering oc
curs. Since the proton mass and incident energy are 
known and the scattering angle is selected by the position 
of the detector, three of the variables are fixed. Thus the 
measured energy of the backscattered protons is deter
mined by the remaining variables, and its value is dif
ferent (and unique) for each atom species (element) at a 
given depth in the sample. The number of protons de
tected at each energy level is displayed to reveal the 
number, type, and location of atoms which comprise the 
specimen. 

Measurement sensitivity is increased by selecting the 
proton energy so that both nuclear and electrostatic 
forces contribute to the scattering from light atoms, how
ever, the scattering from heavy atoms is caused by elec
trostatic forces alone. For proton energies of 2 to 3 MeV, 
nuclear interactions increase the probability of scattering 
from a hydrogea or helium nucleus by more than two 



orders of magnitude. The interaction is still purely elas
tic, so the scattered protons arrive at the detector with an 
energy representative of the scattering atom but in much 
greater quantity than predicted for Rutherford scattering. 
This scattering enhancement does not occur for the 
heavier atoms because their stronger electrostatic fields 
keep the protons from approaching the nuclei close 
enough to be influenced by the nuclear force. The net 
effect is a measurement sensitivity that allows us to 
detect even dilute concentrations of light atoms — for 
example, 'A atomic percent helium in copper. 

Analysis of a vanadium sample is illustrated by the 
energy spectrum in the lower part of Fig. 2. The distribu
tion of proton energies in the vanadium peak is caused by 
scattering from vanadium atoms at various depths in the 
sample. The dual oxygen peaks are readily understood in 
terms of the energy/depth relationship: the higher energy 
oxygen peak is produced by scattering from the front-
surface oxide, but the peak from the rear-surface oxide is 
displaced to lower energy because these protons lost 
energy by traversing the foil sample twice before reach
ing the detector. Vertical lines are shown at energies 
corresponding to proton buckscaltering from different 
elements in the first atomic layer. The meaurement also 
Jemonstrates the absence of other light impurities; for 
example, no peaks were observed at energies corres
ponding to deuterium or lithium; therefore these ele
ments were not present in the sample. 

Examples 

Measurements of the distribution of helium implanted in 
several metals have provided the first high-resolution 
validation of calculated helium implant depth and dis
tribution (Fig. 3). A calculation* ^-.olid line) for a 
helium-implanted titanium sample shows excellent 
agreement with the experimental data from the mul
tichannel analyzer. The measurement confirms the as
sumption that the distribution is symmetric about the 
mean implant depth, and that the distribution was not 
distorted by diffusion of the implanted gas either toward 
the surface or deeper into the sample during or after 
implantation. 

Under some conditions, nonsymmetric distributions and 
gas migration occur in implanted specimens. These ef
fects were clearly evident in experiments conducted for 

*Sec the related article, "A Versatile Computational Capability for 
Ion-Solid Interactions," in Sandia Technology, August 1976 
(SAND76-0264). 
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Fig, 3. Thl» anactrum show* ths numbar of protona 
backacattarad with a glvan anargy (rom a hallum Implantad 
foil. The axcallant agraamant batwaan calculation (Una) and 
analyzar data (point*) la ahown in tha Inaat 

ERDA'« Division of Magnetic Fusion Energy. To simu
late the effects of helium bombardment on a hot wall of a 
fusion reactor, helium was implanted at three elevated 
temperatures in a vanadium sample (Fig. 4). While the 
helium distribution is symmetric for the 370 K implant, 
double peaked distributions have been observed if ihe 
implant is made at 670 K. The fraction of implanted gar. 
retained is found to be the same in both cases, although 
the character of the surface disruption is markedly dif
ferent. However, if the implant is made at 1070 K, most 
of the implanted gas is re-emitted without significant 
surface disruption. The fact that the strongest surface 
disruption occurs when more than half of the implanted 
gas is retained, whereas little disruptior. occurs when 
most of the gas is released, is at variance with theories 
which relate surface disruption to gas release. Although 
these results could be obtained only by measurement, 
theoretical treatments are now beginning to explain the 
phenomena in terms of atomistic processes and stress 
accumulation. 

The experiments involving heated vanadium implanted 
with ions of a single ener :y showed that different dis
tributions resulted even though the implantation 
parameters were the same for each sample. The results of 
experiments using implanted light atoms may depend not 
solely on the implanted abundances but also on the initial 
depth-distribution. Specially tailored distributions may 
be desired to accurately simulate a known distribution or 
to explore the relationship between distributions and ef
fects. Tailored distributions can be generated by using 
computer codes to predict the implant energies and Ali
enees that should produce a given distribution and then 
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by using the proton backscattering technique to deter
mine whether the desired distribution was achieved in a 
specific sample. 

He DEPTH PROFILE SURFACE APPEARANCE 

370 K IMPLANT 

« 6 0 * He RETENTION* 

4 6 0 ) He RETENTION* 

1070 K IMPLANT 

» W H e RETENTION* 

0i^^>^^-<\| 
0.3 0.6 Hjm 

DEPTH INTO SOUP Urn) — 
Fig. 4. The proton backecatterlng technique wst uied to 
meaaure the depth profile* of helium Implanted In Vanadium 
at three elevated temperature*. The effect of the Implant on 
the surface la ahown In the photo* at right. Helium Implanta
tion In hot material* will occur In Anion reactor*. 

One example of a requirement for a tailored implant 
distribution is the simulated aging of tritided targets in 
neutron generators. As a neutron generator ages, the 
radioactive decay of the tritium produces a uniform dis
tribution of helium in the target. We have computed 
single energy depositions that combine to produce a 
distribution uniform within ±5% for a depth of over 0.5 

jim (Fig. 5). Samples prepared according to this recipe 
were measured to determine the actual uniformity 
achieved, and are being compared with naturally aged 
samples to determine if the artificially produced aging is 
a reliable simulation. Seme initial results are positive. If 
more comprehensive experiments confirm this trend, 
then it should be oossible in a few hours to simulate 
accurately many years of aging in neutron tube targets; 
and that capability will be an extremely valuable tool for 
investigating designs of long-life tubes. 

DEPTH l„ ml 

Fig. 5. We are conducting *tudle* to determine If aging of 
neutron generator target* can bo almulated by tailoring the 
distribution of Implanted helium. The upper plot ahow* a 
nearly uniform depth profile that la achieved over an ex
tended dlatanca by combining (ingle energy implant*. The 
lower plot ahowe the result* of three Independent measure
ment* that confirm the predicted uniformity. g | 
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We have determined how to increase the radiation tolerance 
of CMOS integrated circuits by orders of magnitude. 

Radiation-hardened CMOS integrated circuits 
The lcgical operation of many components in out nuclear 
weapons relies heavily on integrated cir.'tit (IC) technol
ogy. In these applications, as well as in many others, <t is 
usually a requirement that the electronic logic remain 
flawless following exposure to a radiation environment. 
Radiation sources may be either external (e.g.. space 
radiation or nuclear bursts) or internal (e.g., electron-
beam sources in vidicon tubes). Even IC fabrication 
steps, such as electron-beam metallization or plasma 
sputtering, can cause radiation damage. 

Our primary effort has been to develop radiation-tolerant 
(hardened) IC components for use in nuclear weapon 
systems. Moreover, this hardening technology is equally 
applicable to electronics used in spacecraft or indeed to 
any electronic equipment that might be subjected to 
long-term, low-level radiation environments or to high-
level accidental exposures. 

Of the several IC technologies available, we have chosen 
to develop circuits based on the complementary-metal-
oxide-semiconductor (CMOS) technology (Fig. 1). Two 
principal reasons for this choice are: 

• The CMOS structure is inherently tolerant to 
neutron irradiation levels that exceed re-
quirc.nents for most applications. 

• The CMOS planar technology is one of the 
most advanced large-scale-integrated (LSI) 
technologies available today. Complex LSI 
circuits can be rapidly designed and reliably 
fabricated by using computer-aided design 
plus libraries of standard configurations for 
circuit layout of basic logic functions. 

Until recently doses of less than 100 Gy (Si)* would 
often cause failure of integrated circuits because the 
CMOS transistors had such low tolerance for ionizing 
radiation. In the past 2 years, however, we have dem

onstrated production of CMOS circuits that operate 
properly after doses of 106 Gy (Si) of 6 0 Co radiation. 
This improvement in hardness was accomplished by 
combined experimental and theoretical programs to de
termine the critical design and process parameters. Over 
40 separate process-parameter dependences involving 
hundreds of processing variations have been investi
gated, and well over a thousand silicon wafers have been 
irradiated and measured to determine the effects of the 
exposure. In addition, fundamental studies and theoreti
cs! models have contributed substantially to understand
ing and controlling the basic degradation mechanisms. 

Gate oxide insulator Metal 
electrode 

Channel' 
Silicon substrate (p-type) 

•The unit of absorbed dose is the gray (Gy): 1 Gy = 100 rad = I J/kg. 

For further information about this article contact G. F. Derbenwick or 
R.C Hughes. 

Fig. 1 A CMOS integrated circuit consltte of n-channel and 
p-channel MOS traniietore combined on the eame substrate. 
For simplicity, only the n-channel transistor Is shown. The 
formation of a minority carrier channel that controls the 
on-otf state of the switch is highly dependent upon the mag
nitude of the electric field at the SI-SIOj Interface. 

Other problems addressed by Sandia studies but not 
discussed here include the effects of transient photocur-
rents in the semiconductor substrate, details of 
radiation-induced surface states at the Si-SiOa interface, 
and permanent physical damage to the active semicon
ductor regions. In this article we concentrate on a vul
nerability due to the presence of hole-trapping sites in the 
gate oxide layer. 

Basic Radiation Vulnerability 

Irradiation of a CMOS transistor with neutrons alone will 
degrade the minority carrier lifetime in the silicon sub
strate, but the transistor is quite insensitive to this degra
dation. However, ionizing radiation, such as gamma rays 
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or high-energy electron;., will produce free holes and 
electrons in the SiOz gate insulating layer. Some of the 
holes (but not usually the electrons) become trapped and 
create an electric field at the gate interface, thereby 
causing a shift in the turn-on voltage to more negative 
values. If the turn-on voltage of the n-channel transistor 
becomes zero or negative, tne transistor locks in the 
"on" state and the logic circuit fails. Since holes trapped 
in the insulator are the source of the electric field that can 
lead to circuit failure, it is clear (hat the key to hardening 
CMOS devices is to prevent introduction of traps in the 
SiOz layer that can permanently trap holes. 

A thin oxide has a smaller volume, and the 
number of holes created by a given penetrat
ing radiation dose is smaller. 

The higher capacitance associated with a 
thinner oxic'e requires a larger numbe, of 
trapped holes to produce the same voltage 
shift that would result in a thicker oxide. 

It has been observed, for the Sandia fabrica
tion sequence, that the number of hole traps 
scales with the oxide thickness. 

Radiation-Hardened CMOS Circuits 

Many of the processing steps used by manufacturers for 
the production of reliable, inexpensive CMOS circuits 
unfortunately also introduce many deep hole j'aps in the 
oxide;even the best commercialdevices have been very 
sensitive to radiation charging. As part of our program 
for radiation hardening of microelectronics, we under
took the study of processing and design parameters that 
affect the hardness of the circuit. Of the large number of 
parameters investigated, three of the most important ire 
oxide gate-insulator thickness, oxidation temperature, 
and postoxidation annealing temperature. 

Oxide Thickness. A most significant observation made in 
the process-optimization study was that a CMOS device 
with a thinner oxide layer is invariably harder than one 
with a thicker oxide layer. There are three ways in which 
the oxide thickness influences hardness: 

Thus, the effects of geometry and fabrication combine to 
reduce sharply the radiation-induced voltage shift for a 
given exposure when the oxide layer is made thinner 
(Fig. 2). Requirements for reliability and production 
yield, however, restrict the reduction of oxide thickness. 
Our program addresses optimization of the tradeoffs 
among reliability, yield, and hardness that must be ef
fected in the fabrication of radiation-hardened CMOS 
devires. 

Oxidation and Anneal Temperatures. Device hardness 
has also been observed to be strongly dependent upon 
oxidation temperature and the postoxidation annealing 
temperature. Gate oxides are thermally grown on silicon 
in dry oxygen at elevated temperatures. A postoxidation 
anneal, normally in a nitrogen atmosphere, is then neces
sary to gain proper control of the preirradiation turn-on 
voltage. Our measurements show that 1000°C is a near-
optimum oxidation temperature, since device hardness is 

Dose (Gy) 

' - ' • i i i • • * 

p-channel transinor 

Oxide thickntss - ?0 nm 

I I I l l l l I I I I I 1111 

40 nm 

Oxide thickness • 70 rnn 

Fig. 2 The shift in turn-on voltage produced 
by a given radiation dose is reduced as the ox
ide layer is made thinner. Smaller voltage 
shifts imply harder devices. For a turn-on volt
age of 2 V all these devices survive radiation 
exposure) that are orders of magnitude greater 
than earlier commercial devices could tolerate. 
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degraded for other oxidation temperatures (Fig. 3). De
vice hardness is also degraded significantly for annealing 
temperatures above about 925°C (Fig. 4). Radiation-
tolerance goals dictate annealing temperature, below 

-2 - , , 

Oxide thickness-- 70 ran 

n-channel 

- * X A 
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i » / 
! ̂ ^ ^ ' > 

< > 
-

p-channel 

1 . 1. i 
950 1000 

Oxidation temperature ( C) 

1050 

Fig. 3 Radiation-induced voltage shift* are minimized if the 
gate oxide layer is grown ate temperature of about 1000X. 
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925°C, but low-temper^'re anneals are not so effective 
as high-temperature anneals for controlling preirradiation 
tum-on voltages. Our program has provided data for 
assessing these tradeoffs. 

: -4 

Dose = 10*Gy 
oxide thickness = 70 nm 

.= 1" 

ol—V-1-
V OCT 900 950 1000 

Anneel temperature ( C) 

Fig. 4 Radiation hardness Is degraded it the poatoxldation 
anneal temperature Is greater than about 925°C. 

Conclusion 

Electronic circuits that operate properly after exposure to 
ionizing radiation are necessary for nuclear weapon 
systems, satellites, and apparatus designed for use in 
radiation environments. Our program to develop and 
theoretically model radiation-tolerant integrated circuit 
components has resulted in devices that show an im
provement in hardness up to a factor often thousand over 
earlier devices. An inverter circuit we produced func
tions properly after an exposure of 10 s Gy (Si) which, as 
far as we know, is the record for an integrated circuit. W 



METRICATION 

The Internationa) System of Units (SI) is a modernised metric system lhat is .,ie world's common language for 
expressing scientific and technical data. It is a coherent system that uses seven base units, metre (m) for length, 
kilogram (kg) for mass, second (s) for time, kelvin (K) for thermodynamic temperature, ampere (A) for electric 
current, mole (mol) for amount of substance, and candela (cd) for luminous intensity. Two supplementary units 
are defined: radian (rad) for plane angle and steradian (sr) for solid angle. Many derived units are defined from 
the base and supplementary units. These include newton (force), joule (energy, work), pascal (pressure, 
stress), hertz (frequency), watt (power), and many electrical and photometric units. Below are conversion 
factors for quantities of special interest. Exact equivalences are marked with an asterisk (*); all other 
conversions are given to four significant figures. 

LENGTH 1 m 
I mm 
1 nm 
1 kin 

= 3.281 ft = 39.37 in. 
= 39.37 mils 
= 10 A* 
= 0.6214 mi 

MASS 1kg 
IMg 

= 2.205 Ibm 
= 1 tonne* = 1.102 tons (short, :000 Ibm) 

FORCE 

ENERGY 

I N 

1 J 
lkf 
1MIJ 
1T.1 
1 0 

= 0.2248 Ibf 

= 0.2388 cal 
= 0.9478 Btu 
= 0.2778 kWh 
= 0.2381 kilotons (nuclear equivalent of TNT) 
= 0.6241 keV 

PRESSURE IkPa 
and 

STRESS I MPa 

POWER lt;W 

VOLUME 

f 

DENSITY 1 kg/m3 

RADIATION lGBq 
UNITS lkGy 

SI includes a set of prefixes that can 
submultiples. 

= 0.1450 psi 
= 0.7501 torr 
= 10 bar* = 9.869 atmospheres 

= 1.341 h p = 737.6 ft-lbf/s 

= 1.308 yd3 = 35.31 ft3 

= 0.06243 IbnVft3 

= 109becquerels* = 109 disintegrations/s* = 0.02703 Ci 
= 103 grays* = lfA/kg*= 105rad* = 0 2388cai/g 

be combined with the names of the units to indicate multiples and 

E(exa) = 1 0 " 
P(peta) = 10 ! 5 

T(tera) = 10' 2 

G(giga) = 109 

M(mega) = 106 

k(kilo) = 10 J 

m(milli) = 1 0 3 

fi(micro) = 10 - 6 

n(nano) = 1 0 9 

p(pico) = 1 0 " 
f(femto) = 1 0 " 
a(atto) = 10>« 

The use of c(cenu) for JO"2, although allowed in SI, is discouraged 


