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Fig. !

TINE evtimates ot Ateceineair radiation
doses at fad Thitoshima and Un Nagasaki.
tatlier dose ligures, known as Te3D
(entative 1263 dusel ostimates, are abw
shown, Our revised dove estimates are
based on (1) sur use ot the current Los
Alamos National Laboratory best ese
timates ot the bomb output; 12)vur
calculations of neutron and gamma-rn
wansport thraugh the atmosphere thased
on validated air-aser-ground
calcubational towly, salidated
tions, and improsed  estimates of at-
muspheric conditions); and (3) & com-
prehensive cvaluation of existing test
data on delayed gamma ravs. The mest
remarkable change in the dosimetry is
that now the neutron dose at Hirashima
represents 3 fraction of the total dose
tneuttony plus gamma rays) that is much
soser 1o the traction ot Nagasaki. Gamma
radiation greath exceeds neutrons at both
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Brief

Revised Hiroshima and
Nagasaki Dose Estimates

Reliable estimates of the radiation
duses received by survivors of the atomic
bomb explosions at Hiroshima and
Nagasaki are important to our under-
standing of the effects of radiation on
human beings, Radiobiologists have
correlated these dose estimates with the
subsequent health history of the sur-
vivors to assess the long-term ef fects of
evposure and the relative importance of
neutrons and gamma rays, These correla-
tions have been vital factors in es-
tablishing worldwide standards of radia-
lion safety that are applicable ta the com-
merdial nuclear industiy as well as to
other activities involving sources of
radiation.

We have made new estimates of the
newtron and gamma-ray doses at
Hiroshima and Nagasak, ! They result
from (1) our use of the current Los
Alamos National Laborstory best es-
timate of the bomb outputs; (2) our
calcalations of neutron and gamma-ray
transport through the atmosphere (based
on validated air-over-ground

calculational tools, validated air cross sec-
tions, and improved estimates of atmo-
spheric conditions): and (3} a com-
prehensive evaluation of existing test
data on delaved gamma rays. Our new
dose estimates, shown in Fig. 1, have im-
portant implications for radiobiological
studies based on Hiroshima and Nagasaki
data.

The currently accepted estimates of
dose are known as TesD (tentative 1903
dose) and were prepared largely by Oak
Ridge National Laboratary.? The TesD
estimates were suppuorted by interpreta-
tions of measurements made by Japanese
laboratories of cobalt activation in steel
reinforcing bars in concrete buildings at
Hiroshima and Nagasaki. Any revision of
the Toal) estimatos should be consistent
with these cobalt activation data.

The largest difference between our es-
timates and the TosD values o urs in the
nettron-dose estimate for Hiroshima, To
subject this difference to the most critical
examination. we have compared our
neutron-dose estimate with the most dis-
tant (i.c., the most sensitive) activation
Jata available, taken 1180 m from ground
rera,

We find that our neutron activation es-
timates are in good agreement with the
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measured cobalt ac*ivation data, giving
added credibility to the Los Alamos spec-
trum calculations as well as to our radia-
tion transport calculations. We also tested
aur procedures by performing our
calculations using the To3D assumptions
about neutron spectra in place of the
modern Los Alamos estimate, With this
approach, we were able to duplicate both
the TosD and cobalt-based values of
tieutron dose. The results have given us
increased confidence that our neutron
calculations are corvect and that the major
difference between our work and
previous work lies in the difference in
dssumplions,

An important study published by
Rossi and Mavs in 1978 related leukemia
mortality at Hiroshima and Nagasaki to
TosD doses.? The results, summarized in
Fig. 24, show a clear difference in

leukemia risk between Hivoshima and
Nagasaki, from which these investigators
inferred high values of dose-dependent
netitron relative biological eifectiveness
(RBE).

Woe repeated the procedure used by
Rossi and Mays but replaced the To5D-
based free-in-aiv dose data with our own
values (from Fig. 1), Qur results (Fig. 2h)
show no difference between the
Fivoshima and Nagasaki curves,
Therefore, leukemia experience at
Hiroshima and Nagasaki no longer in-
vites an inference of neutron RBEs.
Similar analyses have been done by the
Biomedical Sciences Division [or other
endpoints.! (In contrast to leukemia,
chramosome abersations and total cancer
mortality continue 1o show significant -
tercity differences that may refleat
clevated nentron RBEs)
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Fig. 2

(a) Results ot 4 1978 study by Rossi and
Atave on feukemia deaths at Hiroshima
and Nagasaki They wsed available dota
that relate leuhemia mortalits: amang
bomd survivors 10 To31Y doses in rads of
lissue herma adjusted {or attenuation due
to structural shielding and the buady's
selt-shielding. Their results indicate that
leuhemia mortality as @ function of total
(panunaeras plus neutran) dose to the
bone marrow vanes signiticanthy between
the two cities. They postulated that this
ditference must have been caused by the
much higher peatron component in the
T'o383 Hirashima dose (compared oy 1hat
for Nagasakil. Accordingly, to reenneile
the ditference, they deduced very high
vatues ot dose-dependent  relative
biological cffectiveness (RBE) for
teattonn, (B3 We have reprated the
procedure used by Rossi and Mave but
have replaced the TosD-based free-in-air
dose data with our own values (from
Lig. 1), adjusted 1as o Tirst approvima-
tinn) in accordance with the same struc-
tural and body shiclding tactars used by
Rossi and Mavs. The eftect of sub-
stiluling our doses is to climinae the dif-
between  the Hiroshima  and
Nagasaki curves and thereby to eliminate
the rativnale for inferring neutron RBEs
much larger than one from these data.
{The error bars on leukemia monality
represent ane standaed deviation based
on the sample size. The uncertaintics for
dose values are not shown on this Figure. }
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Some adjustments to our dose cs-
timates shown in Fig. 1 may occur in the
future as a result of continued investiga-
tion and further evaluation, but, in our
judgment, such adjustments will not
result in a change in the neutron dose of
more than a factor of two a! any in-
teresting range, and the change probably
will be less than that, Gamma-ray doses
are subject ta less uncertainty than are
neutran doses. Additional offort i ap-
proprigte to reduce these uncertaintios in
aur work and alku 1o re-evatuate the con-
version [rom our freeqdn-air doses to
marrow doses

To cummarize. we have prepared new
duse estimates that should be considered
trustiwarthy in part hecause the greatest
departure trom previous dose estimates
has been explained in pant because of the
use af modern tedhnigues, and in part
because the neutron levels have been
shown to agree with i =ity activation
measurements. We have applied the

Rossi and Mays leukemia methodology to
these data and find that in this specific
example the results no longer support an
inference of large neutron RBEs. This is a
dramatic example of the impact of our
new dose values on estimates of
radiobiological ¢ffects. 13

For (urther information contact
William E. Loewe (415)422-0504,
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In many of the Laboratory's
programs—the nuclear explosives test
program, the laser fusion program, and
the hydrodiagnostics testing effort far
nuclear explosives design—the need to ac-
curately characterize physical phenomena
places continuing demands on our ability
to make rapid measurements. In many
cases, these measurements require that
we resolve signals in the subnanosecond
(10 5) range. These measurements in-
volve both one-dimensional and two-
dimensional {area imaging) recording of
various physical phenomena and conse-
quently require very high speed in-
tegrated circuite for associated signal
processing and sensing.

Integrated circuits are built up of large
numbers of transistors. Although a tran-
sistor may have many ather applications,
one of its most basic functions is as a
simple switch, turning currents off and
on. How fast it can do this {the rate at

which it can respond to a signal) s a
critical determinant of the ultimate value
of the circuit in our high-<peed applica-
tions. The fastest presently available
silicon integrated circuits have «witching

times of about 300 ps (0.5 ney, enablhi
them to operate at frequendies of about
1 GHz.

A switching time of 300 pe i adeyuate
for most applications but is much too
slow for athers. In fusion experiments
for example, 300 p= can be a Dng time.
Some diagnostic instruments require
swvitches 30 times faster, opesating in
about 10 ps.! Electron streaking vacuum
tubes do have very fast respanse times,
bat they use film as the recording
medium, are limited to optical inputs. and
are very expensive. New solid-«tate
device developments will ¢liminate the
aced for film and also allow for the cost-
effective integration of sensors and
system clectronics. Improving the

2

For further information contact
Sletan I Swierhowski (3131322-8200 oF
Lawrence B Jelsmua (415)423-058%0,



Fig. 1

A scanning-clectton-micrascope image of
one af our pratotype pallum arsenide
MESEETSs. The huntan hair to the Hght of
the MESFET is 100 gm in diameter, The
gale electrade (the narrow bar between
the L-shaped source and deain clecteodes)
is 1.4 um wide. The electrans flow from
source to drain through the semicomduc-
tor beneath the gate electrade.

~

response time increases the instrument’s
resolution, which frequently reveals new
physical phenomena, in somewhat the
same way that the invention of the
microscope revealed the subvisual world.

The major factor influencing switching
time in a circuit is the speed at which
charge carriers (and, hence, signals) travel
in the semiconductor wafer. The primary
way to improve switching speed is to
minimize travel distances in the semicon-
ductor.

However, such size reduction is
already approaching its practical limits in
the conventional contact photo-
lithography used in fabricating integrated
circuits, Circuil networks laid down by
this method have conductors only 1 gm
wide and 1 gm apart {0 human har is
about 100 gm wide). Significant (urther
speed improvements are prevented by
ilicon’s properties, as discussed below.
The next step is to find a better semicon-
ductor than silicon.

Gallium arsenide (GaAs) has long been
used for specialized transistors and Gunn
diodes. Charge carriers move threugh it
5.5 times as fast as through silicon at
relatively low clectric fields, and it has
other desirable characteristics. Small-
scale integrated circuits made of GaAs
have recently become available.

However, these commercial GaAs in-
tegrated circuits, designed to satisfy mass
markets, fail to match our speciatized
needs. We are, therefore, beginning to
praduce our own GaAs integrated circuits
based on the metal-semiconductor-field-
effect transistor (MESFET, Fig. 1). We
have developed a computer model that
guides our development efforts by

simulating the MESFET's behavior. The
model, which can also predict circuit per-
formance, indicates that MESFETs will

have very short switching times.

Electron Transport in GaAs

To understand the special properties of
GaAs MESFETs, we must know
something about electron transport in
semiconductors, The key parameters are
the semiconductor’s electron mobility,
excess-carrier decay time, and bandgap.

In a simplified view, all the outer elec-
trons surrounding the nucleus of an
isolated atom are trapped in valence states
ti.e., they have nowhere else o go). I the
atom is incorporated into a crystal, the
overlapping of the attractive potentials of
adjacent atoms creates additional states
(conduction states) in which clectrons can
move in response to electric fields. In
deseribing mass motions of electrons, we
can group the many electronic states into
bands—a valence band and one or more
conduction bands.

In a metal, the ovetlap of the conduc-
tion and valence bands creates a plentiful
supply of electrons for current flow. In
an insulator, there is a large energy gap
(the bandgap) between the valence and
conduction bands, no electrons cross
over, and no current flows. In a semicon-
ductor, the bandgap is narrow, various
common processes can boost electrons
across it, and applied voltages can affect
the mation of the electrons. This ability to
change resistance in response to a signal
i« what makes semiconductors so useful.2

In most semiconductors, there are mul-
tiple conduction bands. The principal
conduction band (the one containing the
largest number of mobile clectrons) is the
one that is lowest in energy. The conduc-
tion band may be thought of as a surface
in clectron energy-momentum space, and
the electron mokility is strongly related to
the curvature of the band surface at the
state uccupied by an electron.

So far, we have been describing elec-
tron transport in pure crystals. It is pos-
sible also to make a semiconductor
material more conductive by doping it
with selected impurities that contribute
charge carriers.

One advantage of gallium arsenide
over silicon as a semiconductor is that it



has a larger bandgap (1.43 eV compared
to 1.12 eV). We can increase its conduc-
tivity in selected spots, and the rest of the
crystal remains almost insulating. This
greatly reduces parasitic currents that do
nothing but generate unwanted heat and
slow the circuit.

In addition to being narrower, silicon’s
bandgap is indirect. A conduction cloc-
tron cannut decay, that is, drop dircctly
back to the valence band; to conserve
momentum it must simultancously in-
teract with a vrystal lattice phonon (a
quiantum unit of lattice vibration).
Galliuny arsenide's bandgap is direct,
enabling clectron decay without a
phunon. Dispusing of excess clectrons, as
at the end of a pulse, is therefore much
faster in gallivm arsenide than in silicon.

In the case of a low clectric field of
1 kV/em (obtainable at 0.1 " across a gap
only 1 am wide), the electron velocity in
high-purity silicon is 15.5 km/s. In high-
purity gallium arsenide, it is 85 km/s,

In the case of high electric fields (above
3.5 kV/em). the differences between
silicon and gallium arsenide (illustrated in
Fig. 2} arc even more striking, In silicon’s
single conduction band, the clectrons
became “hot” (depart from thermal
equilibrium with the crvstal lattice) and
begin to excite phonons, dissipating some
of their energy. Instead of going faster in
proportion to the increase in field
strength, they tend (o approach a limiting
velacity.

Gallium arsenide has two conduction
bands separated by an energy gap of
0.38 ¢V, Electrons drift much faster in the
lower conduction band than in the upper
band. As hot electrons form in the lower
band, some of them scatter into the upper
band, where they drift relatively slowly.

An energy gap of 0.38 e\’ is almost 15
tinwes as Jarge as the thermal (300 K) ex-
citation energy of 0.0239 eV. Hence, few
electrons move into the upper conduction
band by accident. It takes energy to put
them there.

For clectric fields above abe
.5 kV/em. however, enough i 'zons
have reached the upper conductios band
to begin to reduce the average velocity.
Thus, while the current at first increases
with the field, it is possible in some
devices for increasing ficlds to cause
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decreasing currenis, Operation in this
region of higher ficlds is the basis of
many useful phenomena such as the
generation of microwaves in the Guan
diode oscillator,

MESFET Construction

and Operation

A MESFET consists cssentially of a
small area on the surface of a semicon-
ductor erysual that has been selectively
doped with impurity atoms and provided
with three parallel conductors, See Fig,
and Fig. 3 for details of MESFET con-
struction and operation. Either of the two
wide outer conductors can be a low-
resistance source of electrans (the second
canductor acts as the drain), and the
narrow electrode between them serves as
the gate (or contral) electrode. At low ap-
plied voltages, the current is directly
proportional to the voltage difference
between the drain and the source. Both
the source and ihe drain are in good
ohmic contact with the erystal, but the
gate clectrode makes rectifying contact,
i.e., current would flow through it only if
we were to give it a positive potential.
Furthermore, this rectifying contact
provides a chemically built-in bias
voltage (the Schottky barrier effect) of
-0.95 V.

The MESFET can be operated as a
variable load resistor, a useful application
for improving the frequency response of

DEFENSE PROGRAMS

Fig. 2

The average drift velocity of elecirons as
a function of the electric field for gallium
arsenide and silicon. The mubility is the
ratio of drift velucity to the
corresponding  electric field, The drilt
velocities in both materials are similar ot
high fields but much bigher at tow Fiekls
in galliom arsenide than in silicon,
Furthermore, the negative stope (where
the velocity decreases Tor increasing elec-
triv Tkl o pallivw arsenide abuve
A8 KVem pemduces many useful non-
Hnear device phenmnena,



Fig. 3

Simplified cross sectional diagrams il-
lustrating MESTET aperation as a non-
tinear resistor {a to o) and as 3 fast switch
(1 to £). Contour fines indicate the loci of
points at which the clectron concentra-
tion 1 115, 103, 100, 90, 50, and 5% of its
equifibrium  doping value. (), the
buii-m negative potential on the gate
clecttode repulses the dritt electrons,
denlceing the cotored areas and esposing
the smmabde positive fons (implanted
Jonorar Increasing the drain potential in-
cteases the curtent How through the bot-
Henedk depleting maze ot the reglon (b
At oseiouts and cuerent saturativn, the
vombined dritt and difbusion current
1Y A cmb i indeperdent of  drain
voltage (0l Applving  ncteasingly
neatis e gate yoltages cuts off the cutrent
completely as sirong deplelion dhokes off
the channel (d thraugh £).
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an amplifier. In this application, the
source and gate electrodes are connected,
giving them the same applied potential
{zero). Nevertheless, the built-in negative
potential on the gate may be thought of as
repulsing the electrons that are flowing in
the channel, confining them to a thinner
layer and consequently increasing the
local resistance (Fig. 3a).

As the drain valtage increases, the
resistance under the gate builds up
(Figs. 3b-c}. More and more electrons are
forced to flow through the restricted
channel under the gate, which becomes
choked with traffic to the extent that the
electron velacity eventually levels off. In
this condition, the drain current is almost
independent of drain valtage.

The channel, in this saturated condi-
tion, may appear 1o be pinched off.
However, the material is only partly
depleted of electrons. As indicated by the
arrows in Fig. 3c, large drift and diffusion
currents of clectrons can still flow.

If we now disconnect the gate from the
source and change the gate voltage
(Figs. 3d-f), the MESFET behaves like a
switch. Even though we keep the source
and drain voltages constant, the current
to the drain can be reduced essentially to
zero, i.e., switched off, by applving a suf-
ficiently strong negative voltage to the
gate (with reference to the source). In this
case, the repulsive gate field pushes all
the electrans away, effectively converting
the channel into an insulator.

The MESFET is an extremely versatile
device, serving as much more than a
simple switch or variable resistor,
Depending on how MESFETSs are inter-
connected with each other, they can also
function as amplifiers, modulators, or os-
cillators. Very complex circuits can be
built up from arrays of MESFETSs, all
laoking much alike but serving many dif-
ferent purposes.

The above simplified decription of
MESFET construction gives little notion
of the intricate procedures involved in
translating a basically simple concept into
a working device. Special washes, rinses,
etching processes, ion implantation,
annealing, and, above all, extreme
cleanliness contribute to a successful
MESFET. The slightest change in
operating procedure or chemicals can

DEFENSE PROGRAMS

Charge carriers move through gallium
arsenide 5.5 times as fast as through silicon
at low electric fields.



The alterna:ing difference implicit (ADI)
scheme. . . is attractive because it is
efficient in terms of computer storage and
because it exhibits a high degree of
numerical stability.

increase the rejection rate from a few per-
cent to 50% or more,

One reason this process is so critical is
that the semiconductor’s fixed surface
charge density (the density of charges
permanently attached to the free surface
between the electrodes) is a function of
the rhemical and mechanical history of
the semiconductor's surfoce. The attrac-
tive or repulsive forees of Fixed surface
charges can be equivalert to external gate
potentials of several volts, Hence, small
changes in chemical provessing can
produce large changes in operating
characteristics.

Such difficulties are troublesome
enough in a production plant devoted to
makine, millions of identical devices,
They are greaily compounded in a
research application producing small
batches of experimental designs, We
musi thoroughly understand the under-
lving principles if we are to predict the
outcome of any changes we introduce
from one version to another, An in-
dispensable learning tool in achicving this
understanding is a practical com-
putational model.

The Computational Model

To madel MESFET behavior ac-
curately, we must consider additional fac-
tors and transient cffects, Carrier diffu-
sion is proportional to the gradient of
carrier concentration, and both the diffu-
sion coefficient and the mobility are
dependent upon the electric field. We
may also have to include the finite
lifetimes of carriers and (if we wish to
model photoelectric response) the
transport of holes.

In our computer model, we program-
med Poisson’s equation and the conserva-
tion cquations for electrons and holes in
difference form. This set of equations im-
plics a quasi-static approximation, which
is equivalent fo assuming that time-
varying magnetic ficlds from the
MESFET's currents induce negligible
clectric fields, Because the MESFET is
physically much smaller than the
wavelength of the highest operating fre-
quency, this assumption holds true for
typical device operating parameters.

In our computer program MESADI
(metal-semiconductor alternating
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In geveral, our mathematical model-
ing is a two-stage process. In the first
stage, we start from a convenient (but
unrealistic) assumed initial-condition
solution and calculate a realistic solu-
tion that meets the initial boundary
conditions (potentials on the various
electrodes, charge carrier concentra-
tions, ete.). In the second stage, we
change the boundary conditions and
calculate how that affects the solution.

We can stop the calculation at the
end of the first stage if we want to
calculate only the steady state of the
system. The first stage uses a pseudo-
time, and its transient solutions are cs-
sentially meaningless because they
refer to the transition from an un-
realistic initial condition. It is only in
the second stage that time and the
transient solutions are physically
meaningful.

The alternating difference implicit
(AD]) computational method further
divides each stage into an alternating
series of much simpler calculations.
First, it separates the difference equa-
tions into two sets, one that pertains ta
the boundary conditions at the left and
right and one that concerns top and
Pottom boundary conditions. Then,
starting from an assumed (and
passibly very poor) solution over the
entire grid, the method solves one set
of difference equations for the first
row of nodes across the grid, to satisfy
the left and right boundary conditions.

The computer approaches the solu-
tion of this problem stepwise, making
closer and closer approximations, until
it satisfies the boundary conditions
within less than a certain limit (a

The Alternating Difference Implicit (ADI) Method

millionth of the initial value. for exam-
ple). When it has reached this limit, it
applies the same procedure 1o the
second row, and so on through the en-
tive grid. Then, it does the same thing
for cach column of nodes, one at a
time, using (he second set of dilference
equations, 1 repeats this row-volumn
iteration until the solution meets all the
boundary conditions simultancously.

At this point, the computer has a
real steady-state solution thay satisfies
he initial boundary conditions, Tt then
changes the boundary conditions
tinstantancously changes the putential
on some electrode, for instance),
assumes a very brief lapse of time, and
(usitg the same procedure but starting
with the steady-state solution as the
new initial condition) calculates & new
solution that fits the new boundary
conditions. When it reaches this salu-
tion, it assumes another brief time
lapse and repeats the provess again,
eventually arriving at a new steady
state. The intermediate solutions
correspond to frames in a movie
depicting the transient behavior.

The ADI method saves computer
memory space and so produces solu-
tions in much less time (and sometimes
solves problems that no other method
can}. On a grid with 50 rows, 30
columns, and 3 variables, for example,
alternative methods would require
storage of 150 X 150 unknowns; with
the ADI method, the corresponding
storage is only 150 unknowns at a
time. Furthermore, with the equations
divided intu twa sets, we can formulate
the problem in such a way that it can
be solved mare efficiently.

difference implicit), we have used the
alternating difference implicit (AD1)
scheme? (see box on this page). This
method is attractive because it is officient
in terms of computer storage and because
it exhibits a high degree of numerical
stability. In this procedure, we replace the
cross section of the MESFET with a com-

putational grid and calculate the values of
the unknowns (the potential and the elec-
tron and hole concentrations) at the grid
nodes anly. This strategem, however,
would be impractical for a grid with a
uniformly-spaced mesh; a constant mesh
fine enough to give adequate detail in
regions where the unknowns change

DEFENSE PROGRAMS
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For practical two-dimensional calculations
of semiconductor models, we need the
largest, fastest computers available.

rapidiy would have far too many nodes
for the available computer stonage. The
solution ix to use a grid with variable
cpacing in order to concentrate nodes in
tie places where fine detail is important.
Similar considerations apply to the
time scale. When conditions are changing
rapidly, we must caleulite the changes
over short time steps: as .‘~f(\h’)'-.~ldl(’
operation is approached, we use much
larger time steps. However, it is ditficult
to caleulate the point at which it might be
desirable to change the time step.
Therefore, we do the caloulation in stages
and dedide at the end of each stage
whether toincrease the time step. In iy
casein calculating the changing poten-
tials in o GaAs MESELT over an
vprtatitg cvcle ob b few lens of pice-
seconds, we tse many hundreds or even
thousands of numerical time steps. Thus.
tor practical two-dimensional caleala-
tions of sencondudtor madels, we need
the largest. fastest computers available.

Results

Using the MESADI computer program
and some simplifving assumptions, we
have praduced a nine-minute animated
movie® that exhibite <« ame of the major
features of typical GaAs MLSFET
behavier inchuding the variable-resision
mode of operation. The simplifying
assumptions used in making this movie
weres uniform impurity doping in the
channel down o a certain depth, perfect
wallium airsenide purity and zero conduc-
tance below that depth, instantaneous ap-
phed voltage change on the electrodes
tsguare input pulse), and source and
drain electrodes applied to ends of chan-
nel instead of top surface. These assump-
tions were made because postulating
more realistic conditions would have
made the caleulation more expensive and
the resufting solutions harder to interpret.
Figure 4 conaists of selected frames ram
the movie, showing what happens 1o the
space-charge density (a-d) and the poten-
tial after the drain voltage is changed in-
stantancously from zero to 3V (e=h).

In Fig. 3. we have inverted the poten-
tial scale 10 emphasize the rdationship of
clectron potential energy to location in
the MLSFET cross section; i1 is highest at
the gate, which is the negative electrode.
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Fig. 4

Selected trames trom an animated movie constrcted by Mi SADI modeling
ta display the respunse ot the space charge densits (+ ¢ plat, a through d),
amd the electeical potentia t-- plot, ¢ through b) within the gallium arsenide
MESEET (operated as a variable resistor) to a sudden change in drain poten-
tial. Must of the conduction takes place in the geey region of the plot shown
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in (v) through (b1, where the eleciton concenteetion s ighest We have in-
werted the putential scale (negative potentiale are platted abene the v-y
plane) 10 eliplasize the role ot electron potential eneres, which s hich at the
vate electrode.
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The upper pair of frames shows the
calculated initial steadv-state conditions.
Suceeeding pairs show the development
of the space-charge dipole 1deep dip and
rise at drain side of gatey and the potential
distribution during the first 3 ps after ap-
plication of the 3-V drain potential

The thin depleted region directly un-
Jder the gate is a potential barrier to elec-
tron= that enter the channel at the source
and feave the channed at the drain. The
concomitant space-charge density, nor-
malized to the eledtroa charge . sum-
marizes the electron. hole, and donor-ion
densities. The heavy line un the potential
erid is the Tocus of points where the elec
tron conventration is 30% of its value ot
thermal equilibrivm. Carrers available
tor current conduction are conlined
lagelv to the green portion of the chan-
nel

In the gate region. where the clectrons
ate ~squeeszed into g narrowed channel. the
local freld <oon exceeds the 3.3 KV om
threshold and rises nto the strongly non-
linear portion ot the veloditv-tield charac-
teristic ~shown in Fig 20 In this region. the
higher electric tield produces fower
veloity . dnving the field <l higher
This factor 1« responsible for the ev-
treme by rapid build-up of the space-
chane dipole Inthis configuration. the
potentials and clectron distributions
reach equilibrium in about 5 po

This 3-ps ume corresponds to the
Charging time ot an equivalent civaast
using the distbuted capaditance and
tesistance of the NMESHET av determined
ndependently by the model calculations
wiving o straightforward aoss chedk on
the madel results

Comparing Calculations

and Experiments

In the simplified calcalation described
above the channel doping was assumed
w0 be constant and the semiconducting
substrate was assumed to carry no
current. A more realistic approach would
model the ion-implanted donor distri-
bution as o shewed Gaussian distri-
bution—rather uniform near the surface
and decaving rapidly with depth nto the
substrate. Such a distribution allows for
some ¢onduction current below the main
channel.

Experimental measurements  indicate
that there is a fined negative charge on
the surface of the semiconductor between
the electrodes. This charge will repel
electrons even without help from an
applicd gate-clectrode bias. It will also
reduce the peak surface electrie field that
appears at the drain edge of the gate elec-
trode

When comparing the code resulis with
exprerimeits. we must allow for dif-
terences between the theoretical calcula-
tion and the eperimental situation. In
calculating the theoretical swilching time,
tor example we assumed an ideal input
pulse tabsolutely square with instan-
taneous rise time) and ho stray
caprcitances Neither of these conditions
can be obtained in practice. where input
pulses abways have a finite rise time and
straw capacitances are unavoidable.
Furthermore material preparation and
device pracessing can atfect the velodity-
tield characteristic af the material in the
MUSFET channel (see Fig. 2). sa that
calcalations based on this characteristic
ate also uncertain

Under such drcumstances, it would be
surprising i the theoretical amd ex-
perimental values agreed within a facior
of five. In fact the theoretical response
time tor pinch-oft is about 13 re, and the
best experimental value is 33 ps, although
amore typical value is 50 ps. This agree-
ment is quite reasonable. considering the
evperimental limitations,

The agreement between theory and ev-
periment is even closer for caleulations of
steady-state results. By inserting a
sightly reduced value of electron
mobility derived trom our experimental
measurements  we caleulated o drain
~aturation current within 10% of the ex-
perimental value

The mechanisms underlying
breahdown from excessive drain-to-gate
voltages are poorly understood, but
calculations with our model are beginning
to indicate likely avenues of investiga-
tion. [t has been conjectured. for example,
that when breakdown oceurs it is because
ot the high field associated with the
space-charge dipole. However, our model
calculations show that the local voltage
gradients produced by this dipole effect
are tar tow small. only about one-third of



the experimental bulk breakdown field of
200 KV om.

These same caleulations. ignaing the
etfects of ~urface charge locawe the
lughest fiekds tabout voo K\ cmt at 1he
drain edpe of the gate More complete
caleutations that induded the effects of
suttace charge reduced this o
222 KV ome inregsonabie agreement with
the breakdown threshold.

Conclusions
The results of ouwr MESADI code
sintlation indiwaate that several time con-
stants are important in d('lvlmlnlng the
transient response of a GaAs MISHLT
The diclectric relasation time  the charg-
ing time constant of the distributed
capaaitance and the carrier ransit time in
the matenal cach mav plav a significant
role Duanunation of the numerical sols-
tions enables us to understand the
relevance of each effect Tor a given device
seometry and set of boundary conditione.
In the fabrication of MESFET< we
must control a large number of
parameters such as line width gap width
mplant dose and profile channel
muobilitv (attected by procesemyg tem-
peratuies). contadt resistance and
breakdown voltage 1 ven the simplest in-
tearated Gircuit imvolves at least tive
sequential lithographic steps. Surface
hemistry which can be affected
drastivally by minute changes in minor
wpurities in solvents or etch solutions
plave a major partin each of these stepe.
Oniv by (oncentrating on the most
aritival processing parameters can we
fabricate and test integrated GaAs dircuits
eftiviently. Applications ot this madel
can help to determine which of the many
processing variables are the most critical.
For example. the code resulis indivate that
the gate electrode mav be widened 30, to
1.3 am. without reducing the NIESFET «
effectiveness tor certain applications,
Qur first modeling eiforts neglected
the effects of free surface charge and of
hole transport. More recent applications
that did include the eifects of surface
charge enabled us to locate the point at

which electrical breakdown ie most
likelv to take place. We wan also use the
meddel to determine sudh umped
MUSHET parameters as drain saturation
current. pinch-off voltage interelectrade
capacitanes and the transconductana
tchange in drain carrent divided by
change in gate voltage) enabling us to
v out cireuit design calculations

High-speed GaA« MESEUT technalogy
is charactertzed by mictomanature pate
widthe and interelectrode gaps Tagh eled
trie ticlds and mobilities and <hort
1esponse limes {less than 38 pe) The
small dimensions prevent out measuting
electric tields and current densities in
enatigh detait for o thorough unde
standing af the observed electrical
behavior. A two-dimensional numerical
simulation muhkes it possible 10 envision
what we cannot measure

The GaAs MESFET technology s o
leading contender tor praducmy the
high-frequenay analog and digital crouts
necded tor state-of -the-art instrumenta
tion This technology will cupplement
rather than replace the very mature and
tlevible silicon devive and integrated on
cuit technology Hs primary use will be
far small-ccale integrated Grcpits in ap-
pheations where high-<peed performance
is o paramount importance Two-
dimensional numerical modeling is anun
portant aid in our effort to develop Ga A~
MESHET e lmulng\' L]

Key Words: computer madeling compuzer
programe MESADE MESEET galhum arsenade
inteptated arcwt techinology senconducing
matetils
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DYNAS3D, a finite-deformation, finite-element
computer program, enables us to study in three
dimensions material interaction and deformation

due to applied forces.

tor turther intormation contat
Tohn O, Hallquist (31304228 3¢,

DYNA2D is 2 computer nrogram that
cnables us to study in three dimensions
material interaction and deformation due
to applied forces. We developed this
program tfor several applications, none of
which could be handled by existing
codes. These applications require that we
be able to:

@ Study the structural integrity of
LENL-designed nuclear weapons after
impact upon the ground but before
detanation.

@ Predict the structural failure of
reentry vehicles due to impact, as part of
a nonnudlear-kill program that is con-
cerned with the destruction of reentry ve-
hicles using high-velocity fragments.

@ Design aclass of shaped explosive
charges, called self-forging fragments,
with nonaxisymmetric shapes.

® Make three-dimensional studies of
the interaction of nuclear reactor struc-
tures with the surrounding soil, as part of
A svismic safely program,

We began to develop DYNA3D in
1976 and «ince then have generated many
versions. cach more efficient and more
versatile than the last.! DYNA3D s a
Lagrangian, finite-deformation, finite-
clement computer program that solves
the momentum equations and the conser-
vation equations of mass and energy. The
applicability of this computer program is
directly due to the finite-clement method
of performing complex computations.

The Finite-Element
Method

By using the finite-clement method, we
can divide a complicated spatial problem



into manageable parts. First, we organize
the problem into an assemblage of dis-
crete, box-shaped regions called elements.
The location of each clement is specified
with respect to a coordinate system. This
assemblage of clements is called a mesh.
The behavior of cach clement is governed
by a set of mathematival equations. Ele-
ments are interconnected at points called
nodes, and each node is associated with
three displacements (the v, v, and 2 diree-
tions). The mass of each element is dis-
tributed equally to its vorner nodes,
Displacements are assumed to vary
lincarly over each element. This assump-
tion allows us to find the displacement of
any point within an clement by inter-
polating the known displacements at the
nodes. Displacement compatibility is
mamtained between adjacent clements.
Thus, we can compute the material strain
(i.c.. deformation) at any point in an ele-
ment, and from this we can determine the
stresses acting on it and other cleinents.
Given the element stresses, we can
calculate concentrated forces that act at
the nodes. We obtain accelerations by
dividing these nodal forces by the nodal
masses. Then, we perform explicit time
integration to update velocities and dis-
placements. In this way, we can learn
how the overall structure behaves.
DYNA3D uses a Lagrangian formula-
tion that allows the mesh to conform to
the material boundaries. As the materials
move, the mesh also moves, and the size
and shape of the elements adjust to fit the
changes in the materials. The box on
p. 15 describes the finite-element method
in more detail.

Features of DYNA3D

The material models implemented in
DYNA3D enable us to study many dif-
ferent materials, These madels include a
model of elasticity: plasticity nadels that
allow thermai softening, pressure harden-
ing. and work hardening; fracture, soil,
and foam models that have multiple yield
surfaces and volumetric crushing; and
models of reactive and nonreactive high-
explosive equations of state. In addition,
DYNA3D car easily accept new material
modecls of great complexity.

To illustrate the application of
DYNA3D’s materiai modeling, in Fig. 1

(a)

(b}

a2

le) |
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™ Containment rotation

we show a computer anelysis of a nuclear
reactor structure embedded in a very non-
linear soil and subjected to an earthquake.
Because of the complexity of the soil's
behavior, this model uses 78 variables per
mesh ement instead of the cight or nine
used in simple, equivalent linear models).
The purpose of this study was to deter-
mine whether very detailed and complex
models of soils predict significantly dif-
ferent structural responses from those
abtained with simpler soil models.2 We
found that, while simpler, vquivalent
lincar models can properly simulate low-
frequency stress transmissions. complex
nonlincar models are needed to accurately
model higher frequency stress transmis-
sions.

Another important feature of
DYNA3D is that it can model the
behavior of two materials sliding past
cach other. DYNA3D uses special-
purpose algorithms to model the abrupt

Fig. 1

Larthquake analvsic of a nuclear reactor
using DYNAM and a vers detailed soil
mudel, This was one of a serics of
analyses done o determine whether the
structural response of the reactor
huilding changes significantly as the soil
model  becomes  increasingly
supiustictted.  {a) The  tinite-clement
mesh of the starting condition; (b} con-
tours of shear stress; (c) the positions of
the basemat and the reactor containment
structure after the canthguake.
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Fig. 2

DYNA3D analysis of the impact of a
solid aluminum ball on a mock reentey-
vehicle casing (an aluminum plate
covered with a four-clemeni-thick layer
of cathan phenalic heat shieldt at an
angle of 45 deg and a velacity of o km/s,
A sliding interface belween the ball and
the casing permits the calculations to be
properly computed. The figure shows the
deformed shape 3 us after impact.
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changes in velocity and other physical
conditions that van occur at an interface
between materials. Without this
capability. the usefulness of DYNA3D
would be limited because when all parts
of a structure are modeled as if they were
tied together (as is the case in most finite-
clement codes), the structure appears to
be much stronger than it really is. With
these algurithms, DYNA3D also can
avoid creating such phantom results as
tensile stress between materials
separating at an interface and inter-
penetrativn of parts under compression.
Figure 2 shows the DYNA2ID model-
ing of an aluminum ball impacting
obliquely on an aluminum plate that is
covered by a carhun phenolic heat shield
four elements thick. Without the
algorithms for sliding material interfaces,
the calculation would be pointless
because the ball would not ““know"” about

the existence of either the heat shield or
the aluminum plate. Calculations like the
one from which Fig. 2 was derived are

run routinely to check for anomalies in
the sliding interface algorithms.

DYNA3D can model a varicty of
loading conditions. Laads may be approx-
imated in the calculation by applying
pressures on free surfaces, by specifying
nodal-velocity time histories of a subset
of boundary nodes. by applying body-
force Joads due to base accelerations and
angular velocities, and by specifying ini-
tial velocities, Loads can be generated also
by linking DYNA23D to another com-
puter program, the three-dimensional
Eulerian hydrodynamics code, JOY.# In
addition, loads can be generated by
caleulating high-explosive detonations.
With DYNA3D, there is alimost no limit
on the number or type of loading condi-
tions that may be used in a given
problem.

Because DYNA3D cannot generate
meshes, it refies on ather computer
programs to generate the finite-element
meshes. For example, many problems
with nonaxisymmetric loads can be
calculated on an axisymmetric mesh,
which can be created with a two-
dimensional mesh generator and then
“spun’ araund the axis of symmetry
with the SPIN program.? SPIN also
automatically generates all the definitions
for the sliding material interfaces. Meshes
that are nonaxisymmetric can be
generated with the SLIC program.®

To permit complete analysis of the
caleulational results (post-processing),
DYNA3D creates two data bases, one to
record the frequently taken time-history
data for the nodes and elements of special
interest (specified at the beginning of the
run) and the other to record the less fre-
quently taken node and element data for
the entire mesh. Post-processing of the
time-history data can be done with
DYNAP.! Geometry plots, with or
without contours, can be generated with
GRAPE,* which can also be used to
generate continuous-tone color pictures
and to contour any given variable in
color.

The data-storage capacity of
DYNAS3D is very large. Currently, the
program can store 80 000 elements on the



Cray-1 computer if all element data are
on disk and 30 000 elements if the ele-
ment data are stored in core. Because
transferring data between disk and core is
relatively costly in computer time, we do
most of our DYNA3D caiculations at
LLNL with the element data stored in
core. However, for facilities with com-
puters that have much less memory than
the Cray-1, DYNA3D's capability to
store data on disk permits much larger
prablems to be run than would otherwise
be passible. On machines that are slower
than the Cray-1, it is possible to overlap
DYNA2D calculations with data
transfers to and from disk; thus, the
speed of the program is not severely
decreased by storing element data on
disk.

DYNA3D has been fully vectorized
for the Cray-1 computer. That is, vectors
(long arrays of numbers) rather than
scalars (single numbers) are used to per-
form all important computational opera-
tions. DYNA3D can run nearly four
times faster on the Cray-1 using vectors
than it would using scalars. However,
vectorizing a computer program can be
difficult since many operations cannot be
vectorized. To avoid this problem, we
have recently reformulated many
algorithms in DYNA3D to eliminate
these nonvectotizable operations. By so
doing, we have attained very fast execu-
tion speeds on the Cray-1, more than a
hundred times faster than the 1976 ver-
sion of DYNA3D on the CDC 7600.
Currently, it takes anly 40 ps to compute
one clement over one time step, making
DYNA3D the fastest program of its type
in existence.

Using DYNA3D to Analyze
the Structural Design
of the B83

The B83 is a complex weapon that
must be able to function after surviving a
severe delivery environment. The bomb
is designed for laydown deployment, that
is, to be released from a low-flying air-
craft, and, after parachute retardation, to
impact the ground at velocities of about
33 m/s. The bomb must survive impact
on hard, irregular objects. The detonation
is delayed to permit the delivery aircraft

DEFENSE PROGRAMS

The Finite-Element Method

Before a computer program can calculate a struc-
ture’s response to applied forces, it must be provided
with a mathematical description of the object. Simple
mathematical formulas usually are not satisfactory for
this purpose hecause they can fit only regular
geometrical shapes and so can allow no significant dis-
tortions. Instead, we must divide the structure being
represented into a large number of elements and specify
where each clement is with respect to a coordinate
system, This process is called discretizing. Then, the
computer program can calculate how the applied forces
affect each element and how each element affects its ad-
jocent neighbors. A master calculation summarizing all
these individual calculations can describe what happens
to the whole structure,

Elements are shaped somewhat like bricks, and their
shapes are defined by the positions of their corners
(called nodes). Elements must be quite small to map out
the entire structure without seriously distorting cither
its geometry or the temperature, pressure, and other
gradients inside it. However, the smaller the elements
are, the more of them there will be and the more com-
plicated, time-consuming, and expensive the calcula-
tion will be.

To obtain a complete picture, the calculation must
follow a structure’s response to the applied forces
through time. Thus, the time-step factur is an impor-
tant consideration in generating a finite-clement mesh.
The program calculates how cach clement affects its
neighbors, but only its adjacent neighbors. Hence, the
program must be limited to calculating in time intervals
so short that no disturbance in any one element can
propagate beyond its adjacent neighbors.

This sounds simple, but i+, practice it is quite com-
plicated. A disturbance travels at the speed of sound,
and this speed varies as a function of the temperature
and density of the material. Even if the clements are all
the same sizc at the start, once the structure begins to
deform, some elements may be squashed flat or
stretched thin. Sound can cross a thin element much
more quickly than a thick ene. Therefore, the program
must search through all the elements, find the one in
which the sound transit tigae is the shortest, and make
the time step for the nexg\calculation less than this
minimum transit time. Obviously, it is possible for the
time-step size to become very small, with the result that
the calculation will require many time steps and a great
deal of computer time.

15



Fig. 3

Finite-clement mesh for the DYNAJD
analvsio of the B3z stainless stecl
crushapble nose. The top ron of elements
simulates the aft end of the bumb, and an
initial velovty ab 375 m s is assigned to
vach nade Multiple sliding intertaces and
fo ed tntertaces vermit Gransitions in
th  wevh taee lent bast paragraph on
woran bhe apper tied interface reduces
vomber at elements through the shell
< s drom 3o 3, and the lower tied
wtetao redaces The number of circume
1 reas’ clements from 20 to 8 fenabling
e v aamphiy the calealation and s
i ccmputer tmel, The bottom eles
st mdely the rigid wall upon which
dre boml smpacts at o to-deg agle. This
W resitiving 4350

was o complex aaton
clements and 0073 na

1e

interface

Stiding

interfaces

to escape. Much of the early incentive to
develop DYNA3D arose from the need to
understand the broad range of environ-
ments that might be encountered when a
bomb is deployed in this way. The wide
variety of materials in the B83 bomb, in-
cluding steel. high explosives, and
crushable steel-honeycomb shack
mitigator, was beyond the modeling
capabilities of existing programs.

We are working with Sandia National
Laboratories, Livermore, to apply
DYNA3D in structural design calcula-
tions of nose-on impact conditions for the

Tied interface

B83. The crushable nose is being
redesigned to meet new and more
demanding requirements for absorbing
kinetiv energy upon impact. To validate
the application of DYNA3D to the bomb
design process, we have compared com-
puter calculations with the results of a
Sandia experiment on a one-fifth scale
model.” The use of DYNA3D in the
nose-crush analysis offers the potential
of a considerable reduction in design
time, especially since it takes nearly four
months to fabricate and test a redesigned
part.
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The finite-clement mesh shown in
Fig. 3 was used as the starting ;> vnt in
our analysis of the B33 nose. The mass of
the bomb is simulated in the top row of
clements: an initial velocity of 3.75 m/s
is assigned o cach node. The clement at
the bottom maodels the rigid wall. The
bomb impacts this wall at a 10-deg angle.
In the DYNA3D calculation, we model
the 13-ms interval before the nose
rebounds. Figure 4 shows the computed
and experimentally deformed shapes of
the B33 nose, together with the curves for
computed load and measured load vs dis-
placement. The agreement is strikingly
good.
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Designing Self-Forging
Fragments

Self-forging fragments, also called
Misznav-Schardin munitions, are being
designed as antiarma: devices. This
munition uses high explosive to ac-
celerate a metal plate 1o a high velocity.
The plate is designed to assume a
cohesive shape during acceleration that
enables it to penetrate thick armor. This
acceleration-induced shape must also
provide sufficient acrodynamic stability
to carry the projectile over long distances.
A plate with all the desired properties can
be designed by iteratively modeling a
variety of possible designs. A computer

DEFENSE PROGRAMS

Fig. 4

(ab The [ NAD nose-crush caleulation
and (M the comtoured model shawing
regions of plastic strain (color conlouring
done by the GRAPE code shows blue,
cvan, green, seltow, and red
corresponding Lo plastic strains of 0, 12,5,
25, 375 and 30, respectively) compared
wilhy () the  experimental nase crush .
Agreement is exvellent. In (d), the curves
for load ve displacement tor the computer
analysis (solid tine) and the experiment
lotiend linel are compared. and. again,
agteciient is vers good,




Fig. 5

Three-dimensional  Hnite-clement mesh
lor the axisvmmettic self-torging frag-
menl cabulstion. A 90-deg segment is
medeled wath two svmmetrs  planes,

sy eteriaces are placed Belween the
b evphine the outer casing, and Hie
e and bover plates. The mesh con-

o oS G nents,

/- Quter steel casing

Copper plate

prediction of the behavior of an object
will be only as accurate as the models of
its constituent materials that are used. A
plate made from the computer design is
tested to ensare that it performs as
pl'(‘difl(‘d‘

The two-dimensional program
DYNA2D# has been used at LLNL in
work on avisymmetric designs.” In order
1o assure ourselves that DYNA3D can do
useful calculations, we repeated a two-
dimensional DYNA2D caleulation in
three dimensions by spinning the
DYNA2D mesh 90 deg with the SPIN
cade., which praduced the mesh shown in
Fig. 3. With this mesh we caleulated the
behavior of the plate until 30 ps after
detonation of the high explosive, by
which time the pressure of the explosive
had dropped two orders of magnitude
(Ffrom 30 GPa to less than 0.20 GPa).

Detonation point

Copper plate to be formed into
- / a cohesive fragment

High explosive

Since the explosive would have only a
negligible effect on the final shape of the
fragment after 50 us, we deleted all ele-
ments except those in the upper plate at
this point. We then resumed the caleula-
tion to 200 g« to achieve a stable con-
figuration for the fragment. The two
sequences in Fig. e depict the results of
Yoth stages of the caleulation. Figure ofa)
<hows the detonation and expansion of
the high-explosive gases to 50 us, and
Fig. o(b) the deformation of the fragment
ta 200 ws. The considerable plastic strain,
apparent in the second sequence,
necessitates a sophisticated material
maodel to calculate the extreme distortion
that occurs.

The DYNA2D and DYNA3D com-
putations agreed except for minor
and casily explained difterences. This
caleulation gave us confidence in our
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Fig. 6

i Detonation and  expansion ot the
high-vrplosive gases at 8, 10, 15, 25, and
A0 s for the axisvmmetric selt-forging
fragment. Regions in the high explosive
where pressure exceeds 10 GPa are
shaded red. Colugs blue, cvan, green, amd
vellow vorrespond 1o peessures of 0, 2,
30, 73 GPa, respectisels. (9 Dretormied
fragment ab O, 30, B0, 120, and 200 s,
Reginns in the fragment where plastic
sty eveeed 2000 are shaded rd
Calors blae, ovan, preen, swb selloe
cotrespatid Lo plastic steains of ¢, 50, 100,
and 130°, respectively,


http://pl.i-.iii

Fig. 7

An exploded view of a finite-clement
mesh of a cylindrical design of a self-
forging {ragment is shown with an ellip-
saidal plate that ultimately will be turned
into 4 tragment. One quatter of the
decign ie modeled with two symmetry
planes Shding intertaces are defined be-
tueen the high explosive and the outer
cawe, end plate, and fragment. Successful
caleulations have been completed with
this mesh.

Eitipsoidal plate

computations of fully three-dimensional
geometries such as the one shown in
Fig. 7.

Summary

DYNA3D was developed at LLNL to
caleulate material interaction and defor-
mation under applied forces.® Culcula-
tions with this program have been com-
pared with experimental data many times,
with excellent agreement. DYNA3D is
now being used with great confidence in
the structural design of weapons systems,
including the B83. We arc also using
DYNA3D in our nonnuclear-kill

explosive

program to predict the structural
response of reentry vehicles to impact
loading, in our seismic safety program to
analyze nuclear reactor structure , and
in support of the Nonnuclear Ordnance
Program’s wark on designing three-
dimensional self-forging fragments.
DYNA3D has been placed in the public
domain and is aperational at many com-
puter installations throughout the U.S.,
Canada, and Europe. We are cantinuing
our efforts to improve DYNA3D: in par-
ticular, we are planning to include ad-
ditional cquation-of-state models and to
improve the material models.L9
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Key Words: computer-aided design. computer
analvsis--three-dimensional. computer
program -12YNA2D: finite-clement method,
material deformation: material interaction.
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Predicting the 3
Unpredictable >




The 1973 oil embargo caused great
concern about the size of this country <
tand the world <) remaining fluid
havdrocarbon resources, that is, the
amount of recoverable oil and gas
remaining to be discovered. There wax
considerable uncertainty about the actual
amount. and of ficial estimates differed by
large factors, Within a few vears, with
considerable effort on the part of
analysts, the estimates of what will be
tound in both old and new fields had
begun W converge on a range of about
100 20 120 billion barrels forthe U S aea
whaole ¢ Fable 1) Comparable estimates
tor the warlid are much more speculatve
and are on the order of 1000 billion
barrels. How mudch evasts i< only part of
our concern however. The guestion of

wreater voncern is, how much will be
available on the open market.

Only a small part of the answer to this
question i~ technical. CF much greater
impottance are the political and economic
consegquences of the actual focation of
these resources. Qil found under 1000 m
of water and another 30 m of <hifting
pack ice mav well be prohibitivel, sxpen-
sive to produce. Governmental and
polincal considerations mav plav an even
Larger 1ole m determining the flow of oil
and natural gas. Qil that is under the con-
trol of an unstable government or ane
that 1~ at war mav be eseentinlly inacces-
sible. Ol needed tor the produding coun-
try « own development probably will stay
at homwe rather than find its wav into the
world « pipelines

Table T tatimated LS. reserses and resottrces uf crude vit and natueal gas liguids, billions ol

Hubbert (1971} estimated
swof 172

National Academy ot
Sciences (1975) estimated
asob 1173 i

Muondy & Faser (1975}

wat 1178

imated

Miller vt al. {1975) estimated 15
asol 1173 2

Langston (197e) estimated

asof 1178 i1
Rand Carp. (1981) estimated %
a7 2

USGY (1981} estimated
aof 1 1-81

batzels,
Discovered Undiscovered
Intested e
Proven v indicated
demonstrated additional
Source! TUserves 1escIes Mean®
National Petrokum
Council (1973) estimated
aof 1171 i 5 (KRN

v 13

KB ENFEXTES

ol ps Ty

S0O12Ts)

v LA HIE

Te-eoide

*see Reference 2 for saurce citations,

'Crude oil only.
Water depths to 180 m.

M\Where a range is gisen, it is folkowed by the mean in parentheses,

* American Petroleum Institute estimates as of date indicated.

d Assuming 40% recovery of undiscovered vil-in-place (385 X 109 bbll; water depth 350 m.
“Water depth to 206 m for reserves and 1800 m for undiscovered putential.

Mncludes offshore areas to 1800 m depth and marginal deposits
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Oil-industry planning must be long,
range because of the long lead times in-
volved in constructing massive facilities
associated with off-shore and Arctic ex-
ploration and development. Long-range
forecasts of vil and A Prices are also im-
portant in planning because it is these
prices against which alternative energy
sources will be competing. When oil sup-
plies are yoverned primarily by maket
pressures and technical factors, Jong-
range plinning is feasible. though it
ficult When political and economic-
policy factors enter the pidure long-
range planning becemes exceedingly
uncertain !

Explorations and
Discoveries

lI“' une l'f‘n"l\(il" BRELTS ldh‘\’ \\‘l‘ll\ Us-
timating the amount of oil otill o be dis-
covered are amall compared with the un-
certaintios involved in forecasting the
political and economic torces that
actually control final deliveries of
petroleum For example consider the
problem of predicting, even as much as
v months in advance. anv one of the
major developments in the recent history
of the countries surrounding the Percian
Gult To ilustrate some of the difficultioe
involved we have enamined «ome recent
petroleum discoveries and atiempted
long-range predictions of how these will
affect supplies.

Mexico

In 1921, Mevico produced 0.55 million
barrels day (mb-d) of crude vil. Produc-
tion then declined and renuained below

27 mb-d for 33 of the next 30 vears, By
1971, production had gradually increased
almost to the 1021 Jevel. Suddenly, dis-
coveries at Reforma, Chicontepee, and
the Gulf of Campeche released o fload of
oil. In the past 10 vears, production has
risen to almost 2.5 mb d (Fig. 1). Only
the U.S.. the USSR, and Saudi Arabia
currently produce more. Mexica's oil and
gas Teserves are vomparable in extent to
those of Kuwait, Iran, and the USSR,
standing now at o7.8 billion barrels of
crude oil and gas equivalent.

How does the presence of this large il
resource right next door affect the U.S,
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Currently about 03% of Mevico s
crude oil exporte come to the US., and
Maevico « produdtion is expected to nearly
double (to 4.1 mb d) by 1900, Her ex-
ports to us will not double, however.
Menico has announced a National Encrgy
Program for the 1980« that limits annual
exports to any singie country o
Q.73 mb d (and total exports to twice
that}, only 2% maore than we are receiving
now.

This ~tringent export policy may or
may not persist bevond the end of Presi-
dent Lopez Portillo’s term in 1082, but
anather factar could also limit Mexican
evports. Her annual domestic demand
now stands at 1.3 mb-d and is growing
by about 8% a vear. At that rate, it would
reach 3.4 mb/d by 1000, leaving about
the same amount for export as there is
today, despite a vastly increased
production.

Fig.

Mevican oil praduction trom 192¢ to
1o, The great surge in production is
due to disconeries in the Reforma area (in
the Isthmus of Tehuantepec) and in the
Cult ot Campeche, Projections tindicated
I a dashed line amd apen squares) are
{10m the Mevican National Energy Plan.
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Most experts agree that many outer
continental shelf areas around Alaska
(Fig. 2) are promising places to explore
for oil because they contain sedimentary
basins with hydrocarbon potential.
Federal lease sales started in 1979, and
others will follow, beginning in 1982,
The Shell Oil Company has estimated
that with accelerated leasing, production
could be expected ta approach 4 mhid by
|oas,

There are several reasons to doubt this
optimistic forecast. Two of the richest of
these basins, the Chukchi and the
Navarin, straddle the border between the
U.S. and the USSR, a circumstance that
will complicate and could delay develop-
ment. The short drilling season and the
entremely hostile climate severely limit
exploration activity here as elsewhere in
the Arctic. Government observers ques-
tion the capability of the oil industry to
muster capital, manpower, and equip-
ment in these virtually unpopulated areas

in time to fulfill their production es-
timates for 1903,

Similar conside ations apply to the
Canadian Beaufort Sca area. There has
already been at least one important dis-
covery well and two years of exploratory
drilling in the Beaufort-Mackenzie basin,
which i estimated somewhat
<peculatively to contain 32 billion barrels
ol il The evploration and development
of this basin will be extraordinarily ex-
pensive, hawever, One well, which is be-
ing drilled from an artificial island, will
st 873 million, almost Tour times as
much as a tepical well on the Aaskan
Nuorth Slope.

Africa

A vory large recent discovery off the
fvory Coast of Africa near Jacqueville
canwists af low-sulfur crude ail and has a
gas cap to assist production, On this
account. it has been compared o the
Lkofisk field, whose discovery initiated
the development of the North Sea oil and
sas pravinee,

Tao date. four holes have been drilled in
this field. and exploration is expected to
resume this summer. The water in this
area is 300 to 130 m deep, and explora-
tion is hampered by the lack of suitable
deep-water drilling rigs.

Lgyvpt

Egvplis a newcomer to the ranks of oil
exporlers (Fig. 3). Since 1975, when oil
fields captured by the fsraclis were re-
turned to Fyyvpt, production has in-
creased by about 0.1 mb/d every year.
Now at T mh.d. it nearly equals that of
Kuwait, the bulk of it coming from newly
developed Fields in the Gulf of Suez.

This bounty is likely 10 be shortlived,
however, Egypt s proven reserves total
only A billion barrels, about cight times its
annual production. The active explora-
tion program is promising, but there is no
way to estimate how successful it may be.
Furthermore, supplies are jeopardized by
the political instability of the entire
Middle East.

Domestic Supplies

Can we forecast domestic production
with more assurance than international
praduction? Perhaps, but perhaps not.



The Overthrust Belts

The Western Overthrust Belt, now
belivved to extend from Alaska to
Southern Mexico, appears to have been
caused by a collision between two ancient
continents. In the process, the two conti-
nents broke up and some picces slid over
others, producing multiple lavers of
hvdrocarbon-bearing source vocks.

Present exploration was made possible
by improved seismic methods that have
identified drilling targets beneath what
was previously believed to be thick base-
ment rock. Recent U8, Geological Sur-
vey eslimates of recoverable il in the
nine fields in Wyoming, Utah, and ldaho
total 3.2 billion barrels. Although this
area had long been considered a potential
il resource, the vast size of the reserve
was not anticipated in carlier estimates.

A similar comples fault structure
roughly parallel with the Appalachian
Mountains and extending from Vermont
to Alabama has been designated the
Eastern Overthrust Belt, Several gas wells
have been drilled in Tennessee and West
Virginia. and the Potential Gas Commit-
tee for the Appalachian Area has es-
timated reserves at o8 trillion cubic feet
(Tcf). The promise of high prices for
natural gas under the 1978 Natural Gas
Policy Act has mitigated the financial
risks and stimulated interest in explora-
tion of this province. However, the gas is
trapped in impermeable rock, and even
under the most optimistic assumptions, it
will take many vears to develop signifi-
cant production.

Quter Continental Shelf

The Atlantic continental shelf was long
congidered a frontier area whose explora-
tion would result in major oil and gas dis-
coveries. The potential of its Baltimore
Canvon area was once estimated at 0.8
billion barrels of oil and 13 T¢f of gas,
and oil companies paid $1.4 billion for
the privilege of exploring it. Of the 23
holes that have been completed, 3 con-
tained gas and 18 were dry. Two holes are
still in progress, but the expected poten-
tial has not been realized, and the leases
may be abandoned. The Georgia Embay-
ment has also been a disappointment.

A relatively new factor affecting oil-
supply planning is the environmental
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Fig. 3

1 gy ptian oil production, most of which is
exported. The decrease between 1970 and
1975 was cansed by the wapture ol oil
ticlds during the Arab-lseacli war. The
contimaing spunt in production tollowed
the restoration ol these twhds and the
development ol others in the Gult ol
Sues.
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Present exploration [in the Western
Overthrust Belt] was made possible by im-
proved seismic methods that have identified
drilling targets beneath what was
previously believed to be thick basement
rock.
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Policies shift unpredictably over time

intervals that are short in comparison
with the lead times common in the oil
industry.

28

protection movement. Environmentalists
can delay development for vears after
promising continental-shelf areas become
available far exploration. For example,
the Georges Bank arca off Connecticut,
Rhode Istand, Massachusetls, New
Hampshire, and Maine was opened for
exploration only after long litigation with
fishermen and environmentalists, An
cight-year drilling moratorium imposed
after the 1909 oil spill in the Santa Bar-
bara Channel delaved until this vear the
produdtion of 0.08 mb d from the Honda
field, discovered in 1908 Productionin
the Beta field in San Pedro Bay. dis-
covered about the same time as the Honda
field, mav not reach its potential of
Q.08 mb Jd until 1980,

Production at the super-giant Prudhoe
Bay field may peak in a decade or so.
Unless new sources of il are found
nearby, the giant Alaskan pipeline could
run dry before it is paid for. Suits by Ls-
Kimo villages and the National Wildlife
Federation delaved exploratory drilling in
the polentially rich area of the Beaufort
Sea, north and northeast of Prudhaoe Bay,
until November 1980.

The Perils of Prediction

The pitfalls that lic in wait for even
cautious and conservative predictors of
ail supplies are most evident in the
pulitical arena. Policies shift unpre-
dictably over time intervals that are short
in comparison with the lead times com-
man in the oil industry, and it i« often im-
pussible to decide in advance what the
results of a given policy will be.

Nationalization in Canada

In 1980, the Canadian government an-
nounced @ new energy policy that will
levy an 8% tax on oil and gas revenues,
phase out depletion allowances within
two vears, and acquire and transfer some
ail and gae assets now held by multi-
national oil companies to Petro-Canada,
the national vil company. The announced
purpuse of this policy, in addition to in-
creasing tax revenues without burdening
other industries, is to stimulate Canadian
vil campanies at the expense of the multi-
national vil companies and to increase
Canadian ownership of a national
resource. o,



In a move that probably was not fore-
seen by the framers of this measure, the
Province of Alberta, hoping to force a
reconsideration of the policy, has
threatened to curtail oil production as
much as 13% (it now produces 1.3 mb- d),
starting with a 3% cut on March 1, 1981,
1t also has caspended provincial action on
propasals to bring two tar-sand plant«
into production in the mid-1980s,

Government representatives argue that
the Federal policy is in keeping with
Canada « best Tong-range interests, They
claim that even with these measures, in-
creased oil prices by the end of the decade
will provide ample cash for expleration.
By diccouraging the operation of multi-
national vil companies in Alberta, they
hupe to encourage Canadian frantier and
otfchere exploration.

In fact. the policy move frightened in-
vestors and caused many of them to
dump their «tock on the market, depress-
ing it~ price. The affected oil companies
claim that this was part of the govern-
ment s strategy —to deflate the value of
the companies and then buy them at
bargain ratee. The combination of
prospective reduced cash flows and
limited ownership has also caused a sud-
den decrease in exploratory drilling in
mast Canadian provinees.

The Iran-trag War

When conflict between Irag and Iran
broke out late in 1980, immediately
depriving the world of 4.1 mbsd of oil,
there was alarm at the prospect of the
damage a prolonged war would do 1o our
cconomy and those of our allies.
However, after more than six months of
fighting ond the exporting of very little
il from either lran or Iraq until recently,
there has been surpisingly little disloca-
tion in the world's economies.

The numerous reasons for the im-
porting countries” ability to deal with this
supply perturbation include strong price-
driven conservation measures, increased
ail shipments from Saudi Arabia, a mild
world recession, and the presence of un-
usually large inventories {equivalent 1o a
110-day supply) against which the im-
porting countries could draw.

Part of the reason for the large size of
these irveatories les in the new crude-oil

Storage
capacity

sales contracts negotiated by the il
exporting countries. New contract provi-
sions include prices that are subject to
change without notice and various other
measures that foree the purchaser to ac-
copt large amounis of il even when de-
mand is falling off. The net effect of these
and other changes is the smoothing of a
producing country’s operations,
climinating its need for peak capadity,
and the forcing of its customers w enlarge
their storage capacity.

Mast industrialized nations have em-
barked upon government-financed and
operated storage programs as o hedge
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Maximum operating inventory

Inventory reported

Minimum operating inventory

Working stock

Tank boltoms

l Completely

Pipetne il I unavollable

Fig. 4

Concepts and definitions awsociated with

ceude-oil storage.  Imventory  includes
large volames of oil that cannnt be used
without distupting the ssstem, Reparted
inventories include completely un-
available solumes as well as others that
are essenlially - unavailable (“working
\l"('\")‘

Most industrialized nations have embarked
upon government-financed and -operated
storage programs as a hedge against another
oil embargo like that of 1973.

against another oil embargo like that of
1973, Sweden, South Africa, the US,,
Germany, and France, among others,
have built underground storage Facilities
that can hold many millions of barrels of
oil. The Swedish (and possibly the South
African) program is quite large, but other
countries (including ihe U.S.) have so far
accumulated only the equivalent of a few
weeks” imports in addition to their com-
mercial storage.

Only a small part of the oil in any
storage system associated with refining or
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Fig. 5

Natural gas production in the L.45, and
L'9SR. Open circles are from annaunced
Soviet plans, According to the projection,
by the vear 2000, Western Siberian gas
could account for 80% of the total USSR
supply.
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pipeline operations is immediately
available (Fig. 4). Much of the system's
volume is devoted to pipelines, which
must remain filled in order for the system
to function. Even more volume is oc-
cupied by sludge in the bottoms of tanks.
Some tanks must be empty when others
are full (so that there always will be a
place to put vil), further reducing the ac-
tual inventory below the theoretical
storage capacity. Thus, only about half of
the oil inventory will be available. Usable,
primary ail stocks typically comprise
only about 20 to 23% of the total inven-
tory,

Furthermore, it takes time to build
large storage facilities. The only real
elasticity in the whole supply system is in
the seaborne link. When more oil is being
shipped than can be accepted, the tankers

steam slowly, saving fuel and adding the
tanker volume to the storage system. In
fact, many tankers that otherwise might
have been scrapped have been converted
instead to moured storage,

Nevertheless, the build-up of inven-
tories can lairly be said to have reduced
ous vulnerability to supply disruptions. [t
might seem, in retrospect, that such fac-
tors could have been taken into account
in assessing the potential impact of the
Tran-lrag war, but this is easier said than
Jdone. It is notoriously difficult to
caleulate the actions of an interactive
svstem in which each part influences the
actions of every other part.

Natural Gas from the USSR
The development of Russia’s natural
gas reserves, which exceed the combined
reserves of all Middle Eastern countries,
poses a delicate guestion for the countries

of Western Europe. Development has
been spectacular (Fig. 3) and seemingly is
limited only by pipeline and compressor-
station construction. Furthermore, the
money Russia could carn from these
resources ($3.2 billion in 1979, up 8%
from 1978, about half of it coming from
Western Europe) could more than com-
pensate for the loss of revenue as Russian
oil production declines over the next
decades.

According to present trends, by 1900
natural gas may account tar 5 to 20% of
the total energy use in many Western
Eurapean countries. Most of this will be
imported from the USSR. The question,
then, is whether it i« better to be depen-
dert on oil from the Middle East or gas
from Russia.

P .
Conclusion

Long-range forecasts are vital oil-
industry planning tools because of the
massive size, enormous expense, and long
lead times of typical construction pro-
jects. Making such forecasts is difficult
even when prices are relatively stable and
the interplay of market forces is the
dominant driving mechanism.
Technological innovation complicates the
task of the planner by unpredictably
augmenting reserves, but such changes
generally are welcome. However, shifting
political winds and policy changes, which
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often come on short notice and have un-
predictable side cffects, can make the
planner's task a difficult ane. Oil evplora-
tion and development traditionally have
been gambles, but political and economic-
palicy factors make the visks even
greater. |3

Key Words: eoonomic forecasting long tange plan-
nmg wl evplotation ol tield developament
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