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BOILING-WATER REACTOR SAFETY STUDIES 

We arc investigating how the pressure-suppression containment system ol 
Mark I boiling-waler rcaclors responds to a !oss-of-coolant accident. 

PULSED SPHERE MEASUREMENTS FOR WEAPONS 
AND FUSION REACTOR DESIGN 

Pulsed sphere measurements provide one «a\ of validating the Monte C arlo 
transport codes and the cross sections used in the design of thermonuclc.ir 
weapons and fusion reactors. 

SURFACE AND PASSIVATION STUDIES OF 
ACTINIDE METALS 

Fundamental studies of chemical reactions in thin layers on the surfaces of tho
rium, uranium, and plulonium specimens are yielding basic information vital 
to such diverse fields as corrosion protection and catalytic production of lucls 
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BRIEF 

DESIGNING NEW SHAPED CHARGES 
FOR MILITARY AND CIVILIAN USE 

A shaped charge is an explosive charge con
structed to implode a metal liner and project a 
high-velocity "jet'' of the metal into some object. 
Shaped charges were first designed and used in 
World War II; since then they have been used effec
tively as warheads for penetrating military arma
ment and as explosives for making underground 
cavities in rock, soil, or coal. 

Current shaped-charge weapons, though highly 
effective, were designed mainly by trial and error. 
For many applications, newly designed shaped 
charges would be more effective than those pro
duced from modified designs. Consequently, we 
have begun a computational and experimental pro
gram to design new charges. The goals of this pro
gram are: 

• To develop an explosive that allows longer 
and more energetic jets to be produced by a shaped 
charge of a given diameter. 

• To work backwards from the effect desired 
and, using advanced computational techniques, de
sign a shaped charge that would optimize the capa
bility of achieving this effect. 

• To develop further our new tandem design 
that allows two or more shaped charges to be used 
simultaneously. This is necessary where a target 
cannot be damaged by a single shaped charge of 
fixed diameter. 

In our calculations, we use two-dimensional hy-
drocodes to design shaped charges and iterate those 
designs until we achieve the desired jet. We recently 
wrote a new two-dimensional code, CHAMP, that 
uses an Eulerian grid for the high explosive and 
mass points for the liner (which forms the jet). 
CHAMP is very fast. Design data can be assembled 
in a few hours and results obtained in a few more; 
approximately 100 different calculations have been 
made in the past few months. After the design has 
been completed on CHAMP, we usually put it into 
HEMP—a slower, more accurate Lagrangian 
code—for a final check or iteration. 

Using CHAMP and HEMP, we have designed 
several new shaped charges, including one for coal 
penetration. A new tandem shaped charge using 
two separate high-explosive stages is shown in 
Fig. t. With two stages driving it, a jet has more 
momentum than it would from a single stage. In 
previous tandem shaped-charge devices, however, 

Fig. 1. Rendering of a tandem shaped charge. When ig
nited, two high-explosive stages are detonated, the second de
layed by primacord. The first-stage liner implodes to form a 
jet and a more slowly norinf slug, which then separate. The 
second-stage jet and slag are then formed by the imploding 
liner of the second stage between the separated Jet and slug of 
the first stage. The first-state jet strikes the target first, then 
the second-stage jet, and then the two slugs. 



the detonation of the second unit had to be delayed 
until the slug of the first unit got out of its way. This 
was impractical- Our new tandem design allows tin 
jet of the second unit to go in front of the slug of the 
first unit. 

This new design was successfully built and tested 
during 1977. Our new technique will be used in 
shaped-charge designs now being developed for 
LLL's coal gasification program and for the Ballis
tics Research Laboratory. 

Contact C. S. Godfrey (422-7247) for further in
formation on this subject. 
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ENERGYTECHNOLOGY 

Boiling-Water Reac 
Safety Studies 

The Nuclear Regulatory Commission has funded 
LLL to study the pressure-suppression containment 
system of the Mark I class of boiling-water reactors 
(BWR). In particular, we are investigating how this 
containment system responds to a loss-of-coolant ac
cident (LOCA), a design basis for light-water nuclear 
reactors. Part of this work is being carried out on the 
Laboratory's 1/5-scale experimental facility that 
models the pressure-suppression containment system 
of the Peachbottom 2 nuclear power plant. We are 
also conducting computer analyses of the way wall 
flexibility affects LOCA-induced loads in the contain
ment system and of the safety margins in the contain
ment structure. Results from these studies will help 
the NRC to review future BWR designs and may lead 
to decisions affecting the continued operation of many 
existing BWR power plants in the United States. 

A Mark I boiling-water reactor (BWR) power 
plant basically consists of a light-bulb-shaped ves
sel :allcd a drywell that contains the reactor pres
sure vessel, a toroidal wetwell half-filled with water 
and connected to the drywell by vent pipes, and 
conventional power-conversion equipment (Fig. 1). 
Together, the drywell and wetwell make up the 
pressure-suppression containment system. Eight 
vent pipes run from the bottom of the drywell to a 
ring-shaped header supported within the wetwell. 

Contact Frank J. Tokarz(422-9940j for further information on 
this article. 

Forty-eight pairs of downcomers (downpipes) are 
attached along the axis of the header with their bot
tom openings submerged below the water surface. 
The drywell and top half of the wetwell are initially 
filled with air at ambient pressure. 

In a hypothetical loss-of-coolant accident 
(LOCA), a steam or recirculation line inside the re
actor pressure vessel is assumed to break, and steam 
or water or both are discharged into the drywell. 
This leads to the injection of air, followed by steam, 
through the vent lines and downcomers into the 
wetwell. The steam then condenses as it mixes with 
the water. The success of the pressure-suppression 
containment system is based on its ability to con
dense the released primary coolant rapidly and safe
ly before pressure can rise dangerously inside the 
drywell containment vessel. Although no LOCA has 
ever occurred in a BWR power plant, it is a serious 
concern; containing it is a principal design criterion 
for light-water nuclear reactors. 

We currently have three studies investigating the 
safety of the Mark 1 pressure-suppression contain
ment system /ind the system's ability to withstand 
LOCA-induc-d transient loads. The first study in
volves a series of air-water tests on our 1/5-scale 
experimental facility to quantify the vertical forces 
and associated hydrodynamic phenomena ;hat 
would be present in the wetwelt following a LOCA. 
We have investigated how these vertical loads vary 
with changes in the pressurization rate of the dry-
well, in ciowncomer submergence, and in the vent-
fine loss coefficient. In our second study, we are 
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Reactor "essel 

Nuclear reactor core 

Fig. 1. Cross section of the pressine-suppression 
containment system of a Mark I BWR power plant. 
During a loss-of-coolant accident, tbls containment 
system must rapidly and safely condense the steam 
released from a broken recirculation line. - Initial water level Downcomeij 

analyzing how wetweil wall flexibility affects the 
LOCA-induced forces in the containment system. 
Our toird study uses dynamic finite-element ana
lyses to reassess the safety margins in existing 
Mark I containment structures. 

EXPERIMENTAL FACILITY 
Our 1/5-acale Mark I BWR experimental facility 

(Fig. 2) is based on the 1065-MW(e) Peachbottoin 2 
nuclear power plant in York County, Pennsylvania. 
It is the first test facility capable of simulating the 
three-dimensional transient conditions that are en
countered in the wetweil during all phases of a hy
pothetical LOCA. Primary components include a 
bank of six nitrogen storage vessels, a dry well, and 
90 and 7.5° segments of the toroidal wetweil. 

The 90° wetwell segment is designed as an essen
tially rigid structure (19-mm-thick walls) and con
sists of two 45° sectors that may be separated by a 
baffle plate. The wetwel! segment is supported with 
two trunnions where the sectors join and with an 
auxiliary support at one end. Each support contains 
a load cell. The 90° header, which feeds 24 down-

corners, is connected to the wetwell by four vertical 
struts, each of which also contains a load ceil. Th; 
7.5° segment, which has two downcomers, allows us 
to compare two- and three-di!<i'' isional effects dur
ing each test. 

We have recently completed a series of consistent 
and repeatable air-i' atcr tests on this facility.' 
Their main purpose was to determine the history of 
the vertical loads that occur in the wetwell during 
the early phase of a LOCA and to study the ensuing 
fluid dynamic phenomena. When steam from the 
broken recirculation line compresses the drywell air 
and this air reaches the downcomers, it forces the 
water in them into the wetwell, subjecting the wet
well to a major download. This load increases until 
gas bubbles form at the downcomer exits and raise 
the water pool's surface as th;y expand. The net 
load on the wetwell then shifts upward and reaches 
a peak of about half the maximum download. The 
vertical toad then decreases to static conditions. 

In our tests, we first pressurized a selected volume 
of nitrogen in the storage bottles to a level (between 
3.1 and 6.9 MPa) that would yield a given 



Fig. 2 . Cross section and photograph of the 1/5-scale pressure-suppression containment system at LLL. Modeled on the Peach-
bottom 2 BWR power phut, tab Is the first test facBity able lo simulate the tbree^iaunsloaal transient loads encountered in the wet-
well daring a LOCA. The facility includes both a 90° segment and a 7.5° segment (not shown) af the toroidal wetwell, which allowa us 
to coatpare two- aad tlirec-dlmensional effects daring each test. 



computer-predicted, drywell pressure-time history. 
The drywell and toroidal wetwells were then evacu
ated to 20 kPa, which scales to an initial reactor 
pressure of 100 kPa (1 atm). Tests were begun by 
bursting rupture disks in the line connecting the ni
trogen gas bottles and the drywell. They were com
pleted after about 20 seconds, when the pressure in 
the storage bottles, drywell, and wetwells had equal
ized. 

Figure 3 shows unfiltered pressure data from the 
dry well and 90° wetwell for a nominal test (that is, 
one in which the conditions were scaled down from 
those in a BWR planl).The desired drywell pressure-
time history, based on a postulated plant breakflow 
rate of 22.7 Mg/s, agrees well with that actually 
achieved. The pressure in the drywell starts to rise 
about 3 seconds after the rupture disk is burst. 

After the onset of drywell pressurization, a delay 
of 0.1 second occurs before the pressure in the bot
tom of the wetwell water pool starts to rise rapidly. 
The vent pipes are cleared of water about the time 
of the first peak in this curve. Drywell gas then en
ters the water pool from each downcomer, forming 
a bubble thai expands until it almost reaches the 
bottom of the wetwell. Water-pool pressure gener-

Wetwell response 
from three external 
load cells 

3 .6 , ;o . 3.1',; 3,2 3.3 Timt-i 3.4 3.6: 

Fig. 3 . Unfiltered pressure data from the drywell and 90° wet
well segment for a test in which the conditions were scaled down 
from those that would occur in a BWR plant during a LOCA. 

Fig. 4 . Comparison of the hydrodynamic vertical-loading func
tion (the integration of the pressure data) with the response of the 
90° wetwell segment (measured by its three external load cells) 
for a nominal test. The near coincidence of these two curves in
dicates that the welwell's support structure functions as desired. 
Peak vertical loads can thus be measured by either the load celts 
or the hydrodynamic function. 

ally decreases from its first peak until the bubbles 
break through the pool surface (about 3.23 seconds 
after test initiation). Thereafter, pressure in the dry-
well and in the wetwell's water pool and air space 
increases at the same rate. 

Pressure in the wetwell's air space remains con
stant until the vent pipes are cleared. The bubbles 
that form at the downcomers then raise th(: pool 
surface, which compresses the air space. Pressure in 
this space increases until the bubbles break through 
the water surface. By this time, the bubbles have 
overexpanded and the pressure inside them is less 
than that in the air space. As the bubbles break 
through (at about 3.25 seconds), gas rushes into 
them and causes an inflection in the air-space pres
sure curve (Fig. 3). 

Note that when the bubbles break the surface, the 
pressure in the air space nearly equals that at the 
bottom of the water pool. This indicates little hy
drostatic pressure head between the two locations 
and is consistent with high-speed motion pictures 
that show the bubbles essentially reaching the bot
tom of the wetwel). 

Figure 4 compares the hydrodynamic vertical-
loading function (determined from the integral of 
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pool-boundary pressure over surface area) and the 
response of the 90° wetwell (determined from the 
sum of the three external load cells) for a nominal 
test. The major events on these curves nearly coin
cide in time and amplitude; the main difference is 
that the response oscillates more than the hydro-
dynamic function. This coincidence indicates that 
the wetwell's support system functioned as desired, 
allowing peak vertical loads to be measured by 
either load cells or pressure integration. 

Variation of peak vertical loads with the initial 
drywell pressurization rate is shown in Fig. 5. These 
data are some of the key products of the study and 
represent the only quantitative measure of BWR 
pressure-suppression system performance ever ob
tained from a three-dimensional, large-scale model. 
Note that the peak download varies much more 
than the peak upload, and that these variations are 
larger for the greater downcomer submergence. One 
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Fig. 5 . Effect of the drywell's initial pressurization rate on 
peak vertical ioads in the 90° wetwell segment. Peak downloads 
vary more than uploads with this pressurization rate because in
creasing tiie latter directly increases the force with which water is 
expelled from the downcomere. Increasing downcomer submer
gence increases both downloads and uploads, though again down
loads are affected more. 

explanation for the larger download variations is 
that the pressure above the water column, as the 
water leaves the downcomers, increases directly 
with increased dryweli pressurization, thereby forc
ing the water out of the downcomers more rapidly. 
Peak uploads, however, occurring at about the time 
the bubbles break the water surface, are affected 
more by buoyancy forces. 

An important point in our studies for the NRC 
has been ensuring that our results could be scaled 
up to predict full-size plant behavior. To investigate 
scaling relationships, we conducted a series of sim
ple bench experiments with flasks to simulate por
tions of the toroidal wetwell. One parameter of 
particular interest was the sensitivity of our 
pressure-suppression tests to the overall vent-line/ 
header/downcomer loss coefficient. The bench ex
periments suggested that scaling this parameter was 
not critical.2 To confirm this, we ran a series of tests 
on the I /5-scale facility in which we varied the loss 
coefficient by changing the size of the vent-line ori
fice. 

As shown in Table I, orifice si.-o is not an impor
tant parameter. Most of our pressure-suppression 
tests were run with a 241-mm-diam orifice, sized to 
correspond to earlier scaling laws. In tests with larg
er orifices, howtver, the peak downloads and up
loads as measured by the sum of the three wetwell 
loads cells varied by 5% or less from the loads in 
tests with the 241-mm-diam orifice. When meas
ured by the hydrodynamic function, peak down
loads varied 11% and peak uploads 27%. The rela
tive unimportance of scaling this loss coefficient is 
fortunate since it is not well known for full-scale 
BWR plants and would be costly to measure. 

EFFECT OF WETWELL WALL 
FLEXIBILITY 

Most analytical and experimental investigations 
of wetwell response to LOCA-induced loads have 
treated the toroidal shell as a rigid body. Although 
this is the case for our test facility, the 19-mm-thick 
walls of the wetwell are six times thicker than they 
would be if geometrically scaled to an actual BWR 
plant. This built-in rigidity stemmed from the 
NRCs request that we investigate the severest loads 
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to be expected from a LOCA and that we scale the 
fluid dynamics, not the structural system, of the 
Mark I wetwell torus. The normal flexibility of this 
toroidal shell, therefore, may significantly affect the 
total loads experienced by the wetwell during fluid 
injections. We are investigating how the ratio of 
shell diameter to thickness (D/t) influences response 
pressures at the shell boundary and at various loca
tions in the wetwell pool. 

Our calculations cover three classes of problem;. 
The first involves air discharges from the steam re -
lief valves of the reactor pressure vessel. These dis 
charg3s, which occur during normal BWR opera
tion, keep reactor temperature within the design 
range of the pressure vessel. The discharged air is 
channeled through lines that terminate near the bot
tom of the wetwell. 

The second problem concerns "chugging." Dur
ing the late stages of a LOCA, an oscillatory phe
nomenon occurs as steam begins to condense in the 
dry well and vent lines. This produces a sudden pres
sure reduction at the downcomer exits. Water then 
reenters the downcomers until pressure again builds 
up and abruptly expels it. This brief surge of water 
up the downcomers and the ensuing expulsion are 
referred to as chugging. 

The third problem involves the early downcomer-
clearing phase investigated in our pressure-
suppression tests discussed above. This phase is 
characterized by large flow rates and, consequently, 
large pool motions. 

All calculations are based on the pressure-

suppression containment geometry of the Monti-
cello BWR power plant in Monticello, Minnesota. 
To date we have completed two-dimensional cal
culations for the first and second problems and for 
D/t ratios of 0, 100, 300, and 600. Our idealized 
containment geometry for these calculations is rep
resented by a plane section taken at right angles 
through the wetwell torus. No motion is allowed at 
the shell waist, a reasonable boundary condition 
considering the wetwell's support structure. The 
driving pressure pulse assumed to drive the steam-
relief-valve problem has a 1.04-MPa (10.4-bar) 
amplitude and a pulse width of 40 ms. For the 
LOCA chugging problem, pulse amplitude is 
0.14 MPa (1.4 bar) and width is 80 ms. Both pulses 
are theoretical, since .ittle information is available 
en their shape and frequency in a Mark I torus. 

The effect of varying D/t from 0 (rigid) to 600 
(nominal plant condition) is shown in Fig. 6 for the 
steam-relief-«alve discharge. Wall flexibility de
creases the maximum pressures seen by the wetwell. 
The total vertical load also diminishes with increar-
ing wall flexibility. A lessor sensitivity is exhibited in 
the LOCA chug analysis due to its reduced pulse 
amplitude. Care must be taken, however, in apply
ing these preliminary results to Mark I plants, since 
two-dimensional calculations may overpredict such 
effects. Nevertheless, results from experiments con
ducted on systems such as our 1/5-scale facility— 
with little or no shell flexibility—must be viewed as 
conservative when applied to the more flexible full-
scale wetwells. 
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Work is continuing to complete two-dimensional 
analyses on the LOCA-related problems, including 
the effects of pulse width and amplitude. Three-
dimensional analyses are in progress to provide 
more data directly applicable to actual power 
plants. 

SAFETY MARGINS OF CONTAINMENT 
STRUCTURES 

A conservative quasi-static approach is usually 
used in designing reactor containment structures 
that are subjected to rapidly applied dynaruic load:. 
This approach, however, wh.•• recently applied to 
reevaluate Mark I containment structures under 

Fig . 6 . Effect of waft tiifcbness on (a) peak pressures and (b) 
peak vertical loads seen at the wetwell pool bottom for steam-
relief-valve discharge. The relative flexibility of power-plant wet-
wells {O/l = 600) substantially reduces these pressures and loads 
uhen compared with a rigid wetwell ( D / t = 0). The basic pulse in 
these calculations had an amplitude of 1.04 MPa (10.4 bar) and a 
width of 40 ms. To investigate the effect of pulse amplitude and 
rise time, we also made calculations in which the impulse was held 
constant but its amplitude was increased and decreased by 30%. 

LOCA-ir.duced hydrodynamic loads, yielded safety 
factors below original design criteria. Efforts are 
now under way, therefore, to quantify additional 
safety margins by determining the structures' actual 
load capacities under short-duration impulsive 
loading. 

In our work on this problem, we have conducted 
both quasi-static and dynamic finite-element anal
yses to determ.ne the uliliiate load capacities of 
containment structures subjected to impulsive 
loads.3 We then use ASME-code stress limits to de
termine allowable loads based upon both analyses. 
Comparing the quasi-static allowable load with the 
ultimate load determined by dynamic analysis has 
enabled us to quantify additional safety margins 
and thus the true design conservatism of the quasi-
static approach. To define structure failure, we have 
investigated failure criteria and derived a strain-
failure criterion that accounts for multiaxial stress-
strain effects. 

The most realistic representation of the contain
ment structure would use a three-dimensional 
finite-element model. However, because of the 
complexity associated with such analyses, we have 
used a two-dimensional plane strain model to dem
onstrate the feasibility of our approach and to ob
tain preliminary results. Analyses with this model 
for external pressure loads have clearly demon
strated additional safety margins associated with 
impulse loading that had not been recognized in the 
quasi-static approach. 

The safety margins provided by a containment 
structure depend strongly on the pulse duration of 
the applied dynamic loads. For a typical load dura
tion of 15 ms, our dynamic analysis yields a failure 
load about twice that calculated by quasi-static 
analysis. The dynamic allowable load is about 1.5 
times the quasi-static allowable load. With a short
er load duration of 5 ms, failure and allowable loads 
are more than four times greater by dynamic analy
sis. Work is continuing on this study to improve the 
available data base. 

SUMMARY 
As a result of extensive, three-dimensional tests 

and companion analytical studies, we have greatly 
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increased the understanding of how the pressure-
suppression system of Mark I BWR power plants 
responds to LOCA-induced transient loads. 

Effects on the hydrodynamic vertical load func
tion from broad parameter variations have been ac
curately measured on our l/S-scale experimental 
facility. Reproducibility has been excellent. We 
have ascertained that the two parameters most af
fecting peak vertical toads in the wetwell are the ini
tial drywell pressurization rate and downcomcr sub
mergence. In addition, introducing an initial 
drywell overpressure to partially preclear the water 
from the downcomers substantially reduces peak 
vertical loads. Peak downloads and uploads vary 
only slightly between tests conducted with and with
out orifices in the vent lines, which suggests that 
load scaling is only weakly dependent on enthalpy 
flux into the wetwell. 

Two-dimensional analyses have confirmed that 
wetwell wall flexibility decreases both the maximum 
pressures seen by the torus wall and the total ver
tical load on the wetwell. They have also shown that 

containment-structure safety margins can be in
creased by considering impulsive rather than quasi-
static loading. 

Key Words: boiling water reactors; LOCA; loss of coolant acci
dent; Mark 1 reactor: NRC; Nuclear Regulatory Commission; re
actor safety. 
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DEFENSE PROGRAMS 

Pulsed Sphere 
Measurements for Weapons 
and Fusion Reactor Design 

Pulsed sphere measurements provide a way of vali
dating the Monte Carlo transport codes and the input 
cross sections used in the design of thermonuclear 
weapons and fusion reactors. In these measurements 
pulsed 14-MeV neutrons arc generated at the center 
of spheres of materials to be investigated, and the 
emitted neutron spectrum is measured by time-of-
flight techniques. The measurements described in this 
article cannot reproduce the comolex conditions 
found in weapons and fusion reactors. However, 
agreement between measurement and calculations for 
a simple geometry and one material (or simple com
posites) is a necessary prerequisite to reliable fusion 
reactor calculations. 

Early in 1967 we started the pulsed sphere pro
gram in response to the needs of the weapons pro
grams at the Laboratory. Through the years, pulsed 
sphere measurements have had an appreciable im
pact on the calculations carried out for both nuclear 
weapons and fusion reactor design. The program 
studies how well the transport codes used in these 
calculations reproduce the 14-MeV integral meas
urements of the neutron and gamma emission spec
tra of materials considered in the design of weapons 
and fusion reactors. 

The conceptual design of fusion and fusion-
fission reactors raises many questions concerning 

Contact L. F. Hansen (422-45041 for further information on this 
article. 

h o * thermonuclear neutrons (14-MeV energy) in
teract with reactor materials. Thermonuclear neu
trons are much more energetic than those arising 
from 'he fission process, and the nuclear inter
actions of these particles are not understood as well 
as those of fission neutrons. Nevertheless, if we are 
to effectively shield a fusion reactor's superconduct
ing magnet, blanket, and first wall from radiation 
damage, we must not only be able to calculate ac
curately the transport of such neutrons in reactor 
materials, but we should also have some method of 
checking the reliability of the calculations. 

The pulsed sphere program involves pulsing the 
center of spheres of a given material (or simple com
posites) with 14-MeV neutrons and observing at a 
distant point the arrival time of the emerging neu
trons—time-of-flight (TOF) technique. The second
ary gamma rays generated by the neutrons are also 
measured. While traversing the spheres, the neu
trons may be affected by elastic and inelastic colli
sions or absorbed in a variety of nuclear reactions. 
The arrival time "signature" of the neutrons, which 
is sensitive to the nuclear cross sections of the mate
rials, can be directly compared to the transport code 
results. Discrepancies, if any, point to the need for 
further cross-section measurements, revision of the 
theoretical assumptions and approximations intro
duced in the code, or possible code errors. For ex
ample, during the course of this program, we found 
that previous calculations of inelastic scattering 
cross sections for high-energy neutrons neglected 
several significant physical processes. To remedy 
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the situation, we included those processes in the 
cross-section evaluations used in our neutron trans
port codes, greatly improving their accuracy. As a 
result of such corrections, a tool is being made 
available for more reliable design of controlled ther
monuclear reactors. 

EXPERIMENTAL PROCEDURE 
We produce fast neutrons of roughly 14 MeV by 

the nearly isotropic T(d,n)a reaction. The 400-keV 
deuterons used in this reaction arc produced by the 
Livermore insulated-core-transformer (ICT) ac
celerator. The deuteron beam, pulsed and bunched, 
impinges upon a tritium-titanium target, which is 
mounted at the end of a low-mass assembly and po
sitioned at the center of the sphere to be measured. 
The 2.06-cm-diam titanium layer, in which the triti
um is diffused, is evaporated on a tungsten backing 
0.051 cm thick. Neutron production is monitored 
by counting the recoil alpha particles with a thin 
(about 50-fim) lithium-drifted silicon solid-state 
detector set at 174° with respect to the deuteron 
beam line. The materials to be studied are machined 
into solid spheres or into overlapping sets of spher
ical shells, with a truncated cone opening into which 
the lew-mass tritium target assembly is inserted. A 

schematic drawing of the experimental setup is 
shown in Fig. I. 

The neutron and gamma-ray spectra are meas
ured with TOF techniques, where the flight path is 
about 10 m long. For neutron spectra measure
ments, the energies of the emitted neutrons are de
termined by measuring the time differences between 
the neutron arrival times at a distant detector and 
the creation time (that is, the moment at which the 
deuteron beam pulse strikes the tritium target). In 
experiments examining the spectra of high-energy 
neutrons (between 2 and 14 MeV), we focus a 
2.5-MHz pulsed beam with a bunched pulse width 
of about 1.5 ns on the tritium target. For low-
energy neutrons (between 10 keV and 1 MeV), we 
use I- and 10-kHz pulsed beams with unbunched 
pulse widths variable between 100 ns and 10/xs. The 
arrival times for the high-energy neutrons are ob
tained by monitoring the recoil proton pulses gener
ated by the neutrons in a liquid organic scintillator 
(NE 213). For low-energy neutrons, we use a 6Li-
loaded glass scintillator in which the alpha and tri-
ton particles from the 6Li(n,a)t reaction generate 
the arrival time signals. The gamma-ray spectra be
tween 2S0 keV and 10 MeV are also measured with 
NE213 scintillators. However, since secondary 

Fig. 1. Schematic drawing of the experimental setup. The 400-keV deuteron beam strikes the tritium-loaded target at the nose of the 
narrow cone embedded in the spheres. The resulting flux of roughly 14-MeV neutrons is slowed and attenuated by nuclear reactions in 
the spheres. Plastic scintillators u concrete shielding at the ends of TOF paths detect the transmitted neutrons. 

10 



Fig. 2 . Raw time-of-flighl neutron spectra, (a) Neutron blank 
ran spectrum, which includes only the neutrons from the tritium 
target and the gammas from the lew-mass assembly, (b) Neutron 
spectrum from a 5-mean-free-path copper sphere (radius = 
JO J cm). Time of flight increases from right to left with zero time 
slightly to the right of the y, peak. The gammas, with the short
est time of flight, arrive first, followed by 14-MeV neutrons and 
then slower neutrons. The 14-MeV peak is strongly attenuated i» 
the experiment with a copper sphere in place. A second gamma 
peak, 7 2' results from the next beam pulse. In (b) the data collec
tion time was 15 times longer than in (a). 

gamma rays travel at the speed of light and arrive at 
the detector at the same time, we cannot measure 
their energies by their time of flight. Instead, we in
fer their spectrum by measuring the energies of the 
Compton electrons that are produced by the gamma 
rays in the scintillator. The measurement is made by 
performing a pulse-height analysis on those Comp
ton electrons that fall within the envelope of the 

gamma TOF peak (that is, a pulse-height analysis 
of TOF peak-gated pulses). 

Figure 2a shows the raw time-of-flight spectrum 
from the T(d,n)a reaction. Since no spherical as
sembly has been positioned around th; tritium tar
get, this is called a blank run. The spectrum shows 
gamma rays and 14.7-MeV neutrons emitted by the 
tritium target assembly, as well as background 
gamma radiation emitted at random times by the 
activated environment vrem^ by the detector. The 
two gamma-ray peaks shown correspond to gamma 
rays produced from two adjacent beam pulses: the 
first beam pulse produces the first gamma peak, yiy 

and the neutron peak; y2 is produced by the next 
beam pulse. The gamma-ray peak and the time-
independent capture-gamma-ray background are 
suppressed relative to the neutron peak by the use of 
electron-proton pulse shape discrimination. Rejec
tion of gamma pulses is possible electronically since 
electron recoil scintillations (induced by gamma 
rays) differ in pulse shape from proton recoil scin
tillations (induced by neutrons). 

Figure 2"> shows a raw TOF spectrum from a 
5-mean-free-path copper sphere (20.3-cm radius). 
The main difference between this spectrum and a 
blank spectrum (Fig. 2a) is that the 14-MeV neu
tron peak is attenuated and a spectrum of neutrons 
below the source energy is generated by neutron in
teractions with the copper nuclei. The abscissa 
shows the channel number, and the ordinate shows 
the raw number of counts in each channel. Since the 
pulsed beam frequency is 2.S MHz, the time be
tween the two gamma-ray peaks corresponds to a 
period of 400 ns. The measurement of this period 
calibrates the TOF for each channel. Since gamma 
rays travel at the speed of light, time zero is dis
placed to the right of the gamma peak by L/c, 
where L is the flight path and c is the velocity of 
light; in Fig. 2, time zero is to the right of 7 1 , 

Figure 3a shows a typical TOF measurement of a 
high-energy neutron spectrum from a 1.6-mean-
free-path lithium sphere (25.52-cm radius). The ab
scissa shows the time of flight in nanoseconds; the 
ordinate shows the ratio between the counts per 
nanosecond to the total number of counts in the 
neutron peak when the sphere is removed (Fig. 2a). 
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Fig. 3 . Measured neutron spectra for 1.6 mean free paths of 7 M. (a) Time-of-flight spectrum, (b) Energy spectrum. The transformation 
to the energy spectrt m permits the results to be interpreted without information on the detector efficiency or the flight path length. 

We have normalized the data so that the ordinate 
shows counts/ns/source counts, where source 
counts represent the number of 14-MeV neutrons 
produced at the tritium target. This number is deter
mined by first finding the ratio of alpha particles to 
neutrons on a blank run (without the sphere). Next, 
we repeat the run with tht sphere in place and re
cord the alpha particles produced during the meas
urement. Since the ratio of alphas to source neu
trons will be the same in both measurements, we can 
then infer the number of 14-MeV source neutrons 
produced when the sphere is positioned at the trit
ium target (see Fig. I). 

The measured neutron time-of-flight spectra are 
converted relativistically to energy spectra to simpli
fy comparison with the energy spectra calculated 
by the time-independent transport method used at 
other laboratories. Figure 3b shows the energy 
spectra for the 1.6-mean-free-path 7 Li sphere. 

DISCUSSION 
We c-mpare the measured neutron TOF spectra 

and the g. .nma-ray spectra with the spectra cal
culated with a coupled neutron-photon Monte 
Carlo trai j - ' code, TARTNP. This code is a 
modified version of TART that is used only for neu
tron transport. The variations in energy (between 
13.8 and 1S. I MeV) and intensity of the ICT neutron 

source between 0 and 180° (as much as 15%) are 
taken into account in the calculations. The low-
mass target assembly, the detector collimator, and 
the air between the spherical targets and the detec
tor are programmed into the Monte Carlo calcula
tions. 

150 200 250 300 350 400 
£ Neutron flight time - ns 
? + Experiment 
§ ° Livermore Evaluated Library 
£ * ENDF/B-III Library 

Tig 4 Comparison of the measured and cufcutafed neutron 
tlme-of>flight spectra for 2.9 mean free paths of iron. The utl-
culations were done with the revised LLL ENDL neutron library 
and the ENDF/B-III library. Such spectra as these revealed the 
importance of including direct reaction processes for inelastic 
scattering of fast neutrons. 
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In the pulsed sphere program, we have measured 
the neutron TOF and gamma-ray spectra from a 
large number of materials ranging from lithium to 
plutonium. Among these materials, 'Li, 'Li, Be, 
Al, Ti, Fe, Cu, Nb, and Sn are of direct interest to 
the magnetic and laser fusion programs. Cu, Nb, 
and Ti are used in the winding of superconducting 
magnets that confine the plasma, and Nb has also 
been suggested as a structural material for the 
tritium-breeding blanket. The measurements or, 
fertile materials such as 23?Th and 238U can be 
used to test the design accuracy of hybrid reactors in 
which a fertile blanket partially or totally surrounds 
the fusion cavity. Such hybrid reactor designs have 
been calculated using neutron libraries such as the 
Evaluated Neutron Data Library (ENDL) avail
able here at LLL and the ENDF/B libraries, ver
sions III and IV, compiled by Brookhaven National 
Laboratory. 

To illustrate the power of the method exemplified 
by the pulsed sphere program, Fig. 4 compares the 
measurements of a 2.9-mean-free-path iron sphere 
with the calculations based on the ENDL and 
ENDF/B-I1I libraries. The good agreement be
tween calculation (using LLL cross sections) and 
measurement shown in Fig. 4 resulted after revision 

of the cross sections listed in the Livermore library. 
The large discrepancies that appeared when ENDF/ 
B-III cross sections were used in the calculations 
lor iron were also observed in all comparisons made 
for elements throughout the periodic table between 
aluminum and lead. When the new version of the 
Brookhaven neutron library was developed—the 
ENDF/B-IV version—these discrepancies were 
corrected. The main source of the discrepancies be
tween measurements and calculations using the old 
ENDL and ENDF/B-II1 libraries was the inac
curate theoretical description of 14-MeV inelastic 
neutron scattering. At energies as high as 14 MeV, 
direct and pre-equilibrium processes have become 
important and must be included with the compound 
processes to give an accurate description of the in
fraction. Neglect of the first two processes resulted 
in an underestimate of the high-energy inelastic 
neutron scattering cross sections, thereby producing 
the discrepancies noted above. For lighter nuclei 
such as Li, Be, C, and N, where the main contribu
tion to inelastic scattering comes from the direct 
process, the discrepancies observed between meas
urements and calculations resulted from a poor rep
resentation of the cross sections for inelastic scattei -
ing (both magnitude and angular distribution) to 

Tibia 1. Measured and calculated integrals with version* III and IV of the ENDF/B library for the neutron 
amission spectra in Iha energy intervals 10 to 15 MeV, 5 to 10 MeV, and 2 to 5 MeV. (The integrals are 

° expressed in tatm of emitted neutrons/source neutrons.) With ths Improvad ENDF/B-IV cro»-MCijon 
library, Uta Monta Carlo calculations agree much better with the experiments. 
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low-lying levels of the target nucleus. Revision of 
the cross sections in the ENDL library has also im
proved agreement with measurements for the lighter 
nuclei. 

Table 1 shows the improvement obtained with 
ENDF/B-IV cross sections. It gives the measured 
and calculated integrals of the emitted TOP spectra 
with versions III and IV of the ENDF/B library for 
titanium and iron. The emitted spectrum has been 
divided into three neutron energy intervals: 2 to 5,5 
to 10, and 10 to IS MeV. The integrals are given in 
emitted neutrons per source neutron; the error in 
the measured integrals is less than 7%. Overall, the 
new version IV reproduces the measurements quite 
well and represents a clear improvement over the 
ENDF/B-III library, where discrepancies of as 
much as a factor of two exist between the measure
ments and calculations. 

CONCLUSION 
Our measurements of the high-energy region of 

the neutron emission spectra (between 14 and 
5 MeV) have uncovered important sources of errors 
in the calculations and cross sections, which caused 
discrepancies of as much as a factor of two between 
measurements and calculations for many materials. 
For the low-energy region of the neutron spectra 
(1 MeV down to about 10 keV) and for the gamma 
emission spectra, the calculations were in better 

agreement with the measurements, with discrepan
cies no larger than 20 to 30%. 

Measurements of neutron and gamma spectra on 
materials of interest to the magnetic fusion com
munity provide checks on the codes and cross sec
tions used in the design of conceptual fusion reac
tors. Agreement in the above comparisons would 
give us added confidence in the more complex fu
sion reactor calculations. The experiments are delib
erately simple in design to allow close examination 
and criticism by the fusion community. By such 
means, discrepancies among calculations from dif
ferent institutions may be more rapidly resolved. 

Key Words: cross sections—measurements; neutron emission: 
pulsed sphere measurements: reactors—design; tlme-of-flight 
measurements. 
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DEFENSE PROGRAMS 

Surface and Passivation 
Studies of 
Actinide Metals 

Many current weapons applications involve the use 
of one or more of the actinide metals (mainly thori
um, uranium, and plutonium) under conditions in 
which their surface behavior is not well understood. 
Such applications encompass a range of phenomena, 
including materials compatibility, corrosion proc
esses, chemisorption of gases, passivation reactions, 
and many more. To clarify these phenomena, we have 
undertaken a long-range program of fundamental 
studies probing the surface chemistry of these metals. 

We believe that the lack of fundamental surface 
data has helped to inhibit nonnuclear applications of 
these metals. With increased knowledge of surface 
chemistry, we envision the use of thorium and uran
ium and their oxides in such energy-related catalytic 
applications as converting coal to liquid fuels. 

Thorium, uranium, and plutonium are among the 
most reactive metals in common use. Unprotected 
specimens oxidize rapidly on exposure to moist air. 
Water vapor appears to be essential to the process; 
the lowest oxidation rate occurs in pure dry oxygen. 

A number of surface treatments have been found 
empirically to "passivate" these metals, that is, to 
protect them from corrosion. These treatments pro
duce surface layers of oxides, hydroxides over ox
ides, oxyfiuorides, ion-implanted rare gases, or 
amorphous materials, among others. There is at 

Contact Carlos A. Colmcnares (422-6552) for further informa
tion on this article. 

present no complete explanation of either the corro
sion or the passivation phenomena, despite con
siderable research. Since the nuclear weapons de
signed at LLL often use these highly reactive 
metals and must last for many years, we are inter
ested in finding ways to retard their corrosion. 

In an effort to elucidate the behavior of actinides, 
and possibly to extend their catalytic applications or 
to develop better passivation techniques, we have 
been conducting fundamental studies of the molecu
lar and electronic structures of these surface films 
and the mechanisms by which they form. In the fol
lowing sections we discuss some of the experimental 
techniques, a few of our more important findings, 
and the prospects and plans for further research in 
this area. 

EXPERIMENTAL TECHNIQUES 
Composition and structure are the most impor

tant qualities we must understand to be able to 
characterize a thin surface film. A few of our ex
perimental techniques give information on both, 
but most give only partial information on one or the 
other. This means that we must use many tech
niques to build up a complete, coherent picture. 
Among the most useful of these techniques are low-
energy electron diffraction (LEED), Auger-
electron spectroscopy (AES), photoelectron spec
troscopy (PES), and electron-induced luminescence 
(EIL). 

LEED is an imaging method that enabled us to 
determine the periodic two-dimensional arrange-
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- Diffraction spot 

Fig. 1 . Low-eaergy electron diffraction (LEED). The crystal surface acts as a diffraction grating to cast a diffractioa pattern of 
electrons oa the heatispherlcal fluorescent screen. Each pnttera, siace it Is characteristic of a partlcalar crystalline structure, serves 
to identify i t Also shown are a LEED pattern from the clean (111) face ofa single crystal of thorium and the corresponding arrange-
• e a t of atons oa its surface. 
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merit of atoms on the iurfaces of single clean thor
ium crystals before and after exposure to oxygen, 
water vapor, and carbon monoxide. The apparatus 
directs a beam of slow electrons (less than 1 keV) 
onto a select-id face of the crystal and photographs 
the resulting diffraction image that forms on a hem
ispherical fluorescent screen. Mathematical trans
formation of the diffraction pattern reconstructs the 
arrangement of atoms on the surface. LEED is ex
tremely sensitive to changes in the atomic arrange
ment because of the high scattering cross sections of 
the atoms for electrons with energies less than 
IkeV. 

Figure I shows the LEED setup, a LEED pattern 
from clean thorium, and the arrangement of atoms 
this diffraction pattern implies. The hexagonal dif
fraction pattern is produced by the arrangement of 
atoms on the surface being examined. 

Both photoelectron spectroscopy and Auger-
electron spectroscopy are techniques for determin
ing surface composition by analyzing the energies of 
electrons emitted from a surface on bombardment 
with x rays, ultraviolet light, or electrons. PES deals 
with photoelectrons, which are ejected from the sur
face during bombardment: AES deals with the 
Auger electrons that emerge from the bombarded 
surface as a result of internal rearrangements of the 
electrons in the atomic shells. In either case, the en
ergy of the ejected electron is different from that of 
the bombarding photon or electron, and its energy 
is characteristic of the element from which it came. 
Hence analyzing the electron-energy spectrum posi
tively identifies the various atoms in the bombarded 
surface. 

We used both PES and AES to study the surface 
compositions of single thorium crystals and of pas-
sivating films on polycrystalline samples of thorium 
and uranium. Both PES and AES detect elements in 
the first 3 to 10 ate lie layers of the surface. PES, 
and in some cases AES, will also provide informa
tion on the chemical state of the elements detected. 
The detection limits for these techniques vary de
pending on the element. The ultimate sensitivity for 
either of them is about 1012 atoms/cm 2. 

Electron-induced luminescence is light emitted 
from a surface under bombardment with electrons. 

(We used electrons in the 1- to 3-keV energy range.) 
The wavelength of the light depends on the various 
chemical species present, and the intensity depends 
on the amounts of each of these species on the sur
face. Both of these parameters may be measured 
with either a grating spectrometer (for high resolu
tion) or a telephotometer (for speed and conven
ience). 

We used EIL to monitor the accumulation of ox
ygen on cleaned faces of a single crystal of thorium. 
From these measurements and simultaneous AES 
data on the intensity of the oxygen signal, we were 
able to identify atomic and molecular species react
ing with the thorium surface layers. 

OXIDATION STUDIES USING 
THORIUM SINGLE CRYSTALS 

The first step in understanding the oxidation of 
actinides is to study what happens when the clean 
metal surface first encounters gaseous oxygen. This 
is the simplest system to study since it consists of 
only the two reactants, uncomplicated by surface 
films. This first oxidation stage is also important 
because it controls all the subsequent oxidation 
steps. '•* 

Because high-purity single crystals of uranium 
and plutonium were unavailable, we used thorium 
crystals. One of our first objectives was to determine 
whether ThO is formed in the early stages of the re
action. There are reports in the literature that this 
monoxide is stable on the thorium surface, but the 
available evidence is conflicting and weak. 

To prepare the thorium surface for the experi
ment, we cleaned it by argon-ion bombardment and 
annealed it in vacuum. The removed impurities con
sisted mainly of carbon and oxygen. AES analysis 
of the clean (100) and (111) ctystal faces showed 
that only submonolayer quantifies of carbon re
mained. 3 Figure 2 shows the results when oxygen 
was br'sfly introduced into the system and then 
pumped away. The EIL intensity started near zero, 
rose rapidly and leveled off in a plateau, then fell 
rapidly and leveled off at about half the peak in
tensity when the oxygen was pumped away. 

Simultaneous AES analysis confirmed that the 
surface was originally free of oxygen (A), and that 
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graphs, much of the luminescence persists even after the gaseous oxygen is pumped away. We interpret this as indicating that oxygen is 
present in both the molecular and the atomic form and that only the molecular form is free to dissipate when the pressure is reduced. 



oxygen was Sake,) up in a surface layer (B) that re
mained after the gas was pumped away (C). We in
terpret the combined information from these two 
measurements to indicate that molecular oxygen 
( 0 2 ) is loosely adsorbed on the surface and is re
moved when the gaseous oxygen is pumped away. 
The tightly bound oxygen is in the atomic state (O). 4 

We investigated the chemical structure of the sur
face layer with LEED. Monolayer amounts of 
either oxygen or carbon monoxide adsorbed onto 
clean (100) and (111) surfaces of thorium at 300 K 
but produced no ordered surface structures. As oxy
gen continued to be adsorbed, some of it dissolved 
into the thorium substrate, and finally it formed a 
surface oxide. 

Heating the samples to 1000 K ordered the ox
ides, making it possible to study their structure. Fig
ure 3 shows the LEED pattern observed, a three-
spot pattern attributable to a face-centered-cubic 
crystal structure of the fiuorite (CaF2) type, indicat
ing the presence of ThOj. For contrast, we also 
show a computer simulation of the hexagonal 
LEED pattern that would have appeared if the ox
ide /er had been composed of ThO. 

These experiments rule out the formation of ThO 
as a first step in the oxidation of thorium. They also 
fail to support published claims that ThO exists in 
the solid state. 

PASSIVATION OF THORIUM 
AND URANIUM 

We have investigated several methods of passivat-
ing thorium and uranium but have concentrated our 
efforts on the production of oxide (doped or un-
doped) and oxide-hydroxide films. We have 
produced such films by oxidizing the u.etals at high 
temperatures under low oxygen partial pressures (1 
to 10mPa)5 and by exposing them to a radio-
frequency (rf) plasma discharge in humid gases such 
as argon, oxygen, hydrogen-carbon dioxide mix
tures,5 and some hydrocarbons.6 Thorium has also 
been successfully passivated by immersion in a solu
tion of 50 vol% nitric acid in water with 0.05 to 
0.1 vol% hydrofluoric acid. 

We performed PES and AES measurements on 
thorium specimens passivated with the nitric acid-

hydrofluoric acid etch and determined that the pas
sive surface film is an oxyfluoride of thorium. Such 
films are very resistant to attack by water vapor in 
air, as shown in Fig. 4. 
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Figure 4 is the record of a corrosion-resistance 
test in which we exposed psssivated and untreated 
samples of thorium to humid air (13.3 kPa of 
water vapor in air at atmospheric pressure) at 
100°C and measured their weight gain with a 
thermobalance. This is an accelerated corrosion 
test designed to yield results in a reasonable 
time. Pussivated samples stored at 30°C remain 
unchanged for years. 

We have also found that hydroxide layers on top 
of previously oxidized uranium and thorium metal 
produce surface layers that are resistant to attack by 
water vapor. The mechanism of this protective ac
tion is still unknown, and considerable work re
mains, to be done to clarify the nature of these films. 

Fig. 4. Rest-ie* of an accelerated corrosion test 
on untreated thorium and on a thorium sample 
passivaled by Immersion in an HNO t-HF solu
tion. Both samples were exposed to humid air 
(13J kPa of water vapor in air at standard at
mospheric pressure) at 100aC. Coi'roslon of each 
specimen was measured by weight gain in g/m . 

The films were produced by exposing the oxidized 
sample to rf discharges that used gases such as ar
gon, hydrogen, or carbon dioxide-hydrogen mix
tures containing small traces of water vapor. PES 
examination of these films showed significant 
changes in the oxygen peak, indicating the presence 
of hydroxide species (Fig. 5). 

In other experiments we varied the kinds and 
amounts of the reaotant gases in the rf discharge to 
produce varying pioportions of the UOj and OH-
type constituents in the surface film. The best corro
sion protection was obtained with the hydrogen 
plasma, which yielded approximately equal 
amounts of the two oxygen species. This demon
strated that the passivatino effect depends both on 
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Fig. 5. The oxygen region or the photoetectron spectrum of tho
rium passivated by bombardment with moist hydrogen in an i-f dis
charge. This high-resolution scan indicates that after the dis
charge treatment the oxygen is present in two forms. The dashed 
outline represents the peak observed without passivation. We in
terpret these results as evidence for itm presence of a layer of OH 
superimposed on the thin oxiiie layer. 

the kinds of species present and on their concentra
tions. 

The PES examination of these films also showed 
a significant decrease in the 5/electron level inten
sity in uranium. The 5/ electron level is the key to 
the reactivity of the entire actinide group. These 
electrons are located near the valence levels, and 
they may be considered either as localized levels 
(atomic) or as itinerant (molecular) states. For ex
ample, these S/electrons are responsible for the par
ticular electrical, optical, and magnetic properties of 
uranium and its dioxide. 

The actinide metals are elements in which the 5/ 
electron shell is filling. The situation is analogous to 
that of the transition metals (such as vanadium, 
chromium, manganese, iron, nickel, rhodium, and 
platinum), which all have unfilled inner electron 
shells (3d, Ad, Sd) protected by outer s shells. The 
catalytic effectiveness of all these elements is meas
ured hj the capacity of their inner shel's to gain or 

lose electrons. Therefore, thorium and uranium 
should also be useful in heterogeneous catalysis. 

Recent publications confirm this supposition.7 

We have also done some exploratory work on the 
conversion of cyclohexane to benzene using UO-> as 
a catalyst. We achieved a yield of 21% even without 
optimizing the process, about the same as yields 
obtained with industrial nickel-chromium oxide cat
alysts. Similar work is being performed at the Uni
versity of Pittsburgh using a thorium-nickel inter-
metiillic compound, ThNij, as the catalytic agent in 
converting carbon monoxide to methane.8 

CONCLUSION 
We feel that our efforts in developing a fun-

^•'mentnl understandinp of the reactivity and sur
face properties of the actinii'.e metals have contri
buted significantly to the solution of many applied 
problems, particularly in the area of materials com
patibility. Our initial results in producing surface 
films to protect thorium and uranium from corro
sion are very encouraging. As out Knowledge of the 
mechanisms involved progresses, we should be able 
to formulate superior new passivating treatments. 

Key Words, actinide elements—chemistry; Anger effect fdt'Si; 
LEEP llow-energy electron diffraction); piotoeleclron spectros
copy (PES); plutonium oxides—coatings; surface chemistry; tlinr-
ium oxides; uranium oxides. 
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