
Energy and 
Technology Review 
Lawrence Livermore Laboratory 

i / 'MCM MASTER 

' K/ 5 



UCRL-52000-78-9 
Distribution Category UC-2 

September 1978 

Energy and 
Technology Review 
Lawrence Livermore Laboratory r:q 

Prepared for D O E under contract No. W-7405-Eng-48 

Scientific Editors: 

Robert C. Haight 
Henry O. Shay 

General Editors: 

Paul Adye.' 
Richard B: Crawford 
Judyth .K. Prono 
Jane T. Staehle 

BRIEF 
LNG Safety Research at LLL. 

BASIC RESEARCH ON HIGH-EXPLOSIVE INITIATION 
New instruments and experimental techniques are helping us discover the basic 
physical and chemical processes behind high-explosive detonation. 

THE NATIONAL MFE COMPUTER CENTER: INCREASED 
CAPABILITY IN 1978 
The capabilities of the MFE computer center at LLL continue to expand with 
the installation of the Cray-1 computer and its peripheral devices and with con
tinued software development. 
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RAPID NUCLEAR CHEMISTRY FOR DETERMINING THE 
PROPERTIES OF SHORT-LIVED FISSION PRODUCTS 
We have developed batch- and continuous-mode systems for the automatic 
chemical isolation and spectroscopic analysis of short-lived fission products. 
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MIRROR FUSION REACTORS 
We have conducted conceptual design studies of fusion and fusion-fission 
hybrid reactors based on the three mirror confinement schemes—standard, 
tandem, and field-reversed mirrors—now being investigated at LLL. 
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BRIEF 

LNG SAFETV RESEARCH AT LLL 
Liquefied natural gas (LNG) technology, an 

"tray-crisis offshoot that promises to alleviate 
; '"porurily the U.S. natural gas shortage with the 
» i ;• hy-produet of remote oil fields, also carries 
mi.1 .: the ihrirut of unforeseen industrial and com
munity hazards. LNO is kept liquefied only by chill-
mi: it to 113 K. (-160 °C): any break in the contain
ment vessel releases the liquid into a warm environ
ment. The huge vapor cloud so formed warms up 
only slowly: it hugs the ground and spreads due to 
gravitational and atmospheric forces. It poses the 
familiar fire hazards associated with household 
natural gas releases, but on a large scale. 

The prospect ol such occurrences poses many 
questions, the answers to which are at present very 
uncertain. For example, existing models disagree by 
over an ordi-r of magnitude on how far the vapor 
cloud from a particular large spill will travel down
wind. Very little work has yet been done on scaling 
relationships that would allow us to extrapolate 
from the results of small experiments to predict full-
scale effects. There is no existing facility at which 
large LNG spill experiments can be carried out 
reliably and safely under the variety of cir
cumstances necessary to validate numerical models. 

We have been asked to participate in a DOE 
program of LNG safety research. Among our 
responsibilities will be selection of a safe site and 
design and construction of a research facility 
dedicated to study of this problem. We will also be 
developing and verifying a group of analytical 
models that describe the phenomena involved in the 
accidental release of LNG into the environment. 
This will ineun an extensive experimental program 
to measure vaporization rates, dispersion patterns, 
ignition characteristics, flume propagation rates, 
and external damage effects. We will need to 
develop a sensing and data-collection system 
capable of detecting methane, ethane, and propane 
with enough resolution to observe the charac
teristics of turbulent mixing and with enough scope 
to map a cloud perhaps 4 to 5 km long. We envision 
experiments that release up to 1000 m 3 of LNG. 

We expect that this program will require between 
50 and 100 experiments at the large-scale 
facility over a two-year period. Until the large 
facility is ready we will participate in smaller experi
ments at the Naval Weapons Center, China Lake, 
California. 

Contact William J. Hogan (422-7365) for further 
information on this subject. 



DEFENSE PROGRAMS 

Basic Research on 
High-Explosive Initiation 

Our detonation physics program is investigating 
the physical and chemical processes involved in in
itiating a high-explosive (HE) detonation. In
creasingly stringent safety requirements, ever more 
sophisticated applications, and the unique initiation 
and detonation properties of the new, insensitive HE's 
are forcing us to seek a more fundamental un
derstanding of HE behavior to meet future 
Laboratory requirements. Our new experimental 
techniques have already produced promising results 
and point toward significant advances in our 
capabilities. The results of the program will help us to 
design with a great measure of HE safety, to model 
HE initiation accurately, to predict HE response to 
unintended stimuli, and to achieve possible major im
provements in our HE systems. 

Although the properties of explosives have been 
studied intensively for many years, little is known 
about the complex physics and chemistry of initia
tion. Most of the data on HE initiation are from 
such measurements as skid tests or drop tests. These 
tests give useful information on HE handling or on 
detonator performance, but they use stimuli that are 
too complex to yield information of any predictive 
value. Somewhat more useful data from one-
dimensional (l-D) shock initiation experiments are 
available in the form of distance-time measure-

Comacr Richard C. Weingart(422-47S1) forfurther information 
on this article. 

ments on shock fronts and free surfaces. 
Recent advances in diagnostics include laser 

velocity interferometers, embedded stress and 
particle-velocity gauges, and fast infrared 
radiometers for temperature measurements. Com
puter modeling of the new data from these 
diagnostics will test our understanding of the 
physics and chemistry of initiation and will suggest 
further critical experiments to advance our 
knowledge. 

Nuclear weapons can employ one of the most 
complex and sophisticated applications of high-
explosive technology. An increased understanding 
of fundamental HE behavior will have a direct im
pact on initiation system design and weapon safety. 
Clearly, we must be able to perform and understand 
one- or two-dimensional experiments that use sim
ple stimuli before we can address many of the more 
complex safety problems, such as HE response to 
multiple stimuli like shock, heat, or fracture. 

In our initial work we are concentrating on two 
representative HE's, PBX 9404 and TATB. 
PBX 9404 is a high-energy explosive with moderate 
shock sensitivity. TATB gives about 67% as much 
detonation pressure as PBX 9404, but it is 
remarkably insensitive to severe impact and thermal 
environments, making it much safer to handle. To 
understand the differences in the shock sensitivity of 
these two explosives, we are studying the details of 
the hydrodynamic flow as an initial stimulus builds 
up to a detonation. 

Most shock initiation tests are designed to collect 
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.•: L- riLrpng data r.iihe: than *.o probe the fun-
*..-.ru—: J. pro M O and chemistry of initiation In ihc 
•:_-c.;:J -kid '.est. for example, a hemispheric.:] 
- .>. . : explosive mounted on a pendulum falls 

.. measured height and strikes a target at an 
• ;q..c angle. Observers record the result in one oi 
- allegories, ranging from "no reaction" through 
\ . t l o l smoke" to "complete detonation." In this 

' L V . the specimen experiences both concussion and 
i i k i i on .stimuli, I'urthermore, the measurement 
criteria arc somewhat subjective: there is no hard 
and fast measure of how much snnikeconstitule.su 
pull'. The test is useful in finding out how a par-
ncular explosive may behave when accidentally 
dropped, but it wil l not determine how the explosive 
w ill react to concussion alone, for example. 

Tile most important and sophisticated standard 
init ia' ion test is the wedge test. ' A sustained 
pressure pulse of know n amplitude (produced by an 
explosive plane-wave lensi enters the wedge-shaped 
charge through a buffer plate, while a high-speed, 
rout ing-mirror camera records the progress of the 
shock front across the wedge. Detonation appears 
as an abrupt acceleration o f the shock front to 
detonation velocity. Wedge tests are performed at 
various input pressures, and the results are usually 
displayed as a plot of run-distance to detonation vs 
input pressure. 

One condition for the validity of an init iation 
model in a hydrodynamics code is that the model 
correctly reproduce the wedge-test data. However, 
this condition alone is not enough. Two models us-

Element 

Leads 
\ / (copper 

' plated) 

Side view of portion of gauge 
Fig. 1 . (onstmctiim nf un embedded manfianin stress gauge, plan view ('/#/!'>. and an exploded new of a typical experimental 

assembly [li-li:. The gauge packages (about fl.50 mm thick mere hnnded with epo\> betneun slabs uf target material. This gauge is 
suitable fur measuring stress at all stages nf the buildup to detnnatinn. 
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ing drastically different chemical reaction rates can 
still both correctly reproduce wedge-test data. Only 
with more detailed knowledge of the hydrodynamic 
flow can we judge which model is more nearly 
correct. .,". . 

LAGRANGIAN GAUGE EXPERIMENTS 
We are beginning to measure hydrodynamic How 

variables with thin transducers (called Lagrangian 
gauges because they move with the flow) embedded 
in the HI' specimen. Such a gauge can give a con
tinuous record of particle velocity or stress in a par
ticular element of the initialing and detonating ex
plosive. Development of reliable Lagrungian gauges 
has been a major thrust of our detonation physics 
program. 

A good example is the Lagrangian manganin 
stress gauge. Manganin is a good stress transducer 
because its resistance varies directly with stress and 
because its temperature coefficient of resistance is 
small, making it relatively immune to shock healing 
effects. Manganin stress gauges have been used ex
tensively in siatic high-pressure research and in, 
shock wave studies on chemically inert material %. 
but they could not be used in HE studies because 
the hot reaction products short-circuited the gauge. 

One of our first tasks was to develop a method of 
protecting manganin gauges from the reacting-HE 
environment. We have found that a gauge package 
consisting of a 25.4-^m-thick manganin element 
protected with 250-^m Teflon on each side is usable 
at all stages during the buildup to detonation from 
an initial stimulus. Figure I depicts the gauge-
package and a typical target assembly. 

In an extensive series of experiments using 
manganin stress gauges embedded in explosive sam
ples shocked by projectiles from our 102-mm light-
gas gun. we have observed significant differences in 
the initiation behavior of PBX 9404 and TATB. : 

Figure 2 shows the resulting manganin gauge 
records. In the PBX 9404 targets, the stress at the 
shock front stayed at a nearly constant level until 
just before detonation, when the shock front was 
engulfed by a pressure wave from behind. In con
trast with the PBX 9404 behavior, the stress profile 
in the TATB shows significant growth at the shock 

front over the run to detonation. By putting ap
propriate reaction-rate terms in our 1-D hydrocodc 
initiation models, we are able to model the observed 
stress-time profiles. Analysis of the data to deter
mine energy-release rate awaits the results of a series 
of calibration shots to determine accurately the 
pie/.oresislive response of the manganin foil used in 
the gauges. 

The response of large blocks of explosives to low-
amp'.ilude shocks is extremely important for safe 
handling and securitv considerations. We have ap
plied the manganm gauge technique to determine 
the stress history of PBX 9404 subject to low-
amplitude Shockwaves. ' A 155-nun gun propelled 
51-mm-lhii-k copper livers into 114-mm-thick PBX 
9404 samples. Results from an experiment with an 
input stress of 0.38 GPa are indicated in Fig. 3. 

A -.unable feature of th^se curves is the degrada
tion of the shock front by a precursor wave. If the 
initial wave front pressure is greater than 1.2 GPa. it 
grows in amplitude as it traverses the sample, and 
manganin records from all experiments reveal in
creasing pressure behind the front. Experimental 
curves from higher input stresses exhibit increasing 
slopes behind the wave front as one would expect if 
the amplitude of the initial wave determines the rate 
of later reactions. 

The data indicate that even a 0.38-GPa shock will 
result in a detonation if the sample is large enough, 
although the reaction is initially very slow at such a 
low pressure. Furthermore, gauge data from input 
stresses in the 1.3- to 1.4-GPa range indicate run 
distances to detonation much longer than would be 
predicted by an extrapolation of available sustained 
pulse initiation data. J The ultimate low pressure 
limit for a sustained pulse that w ill result in detona
tion has not been reached but must be less than 
0.38 GPa. 

Another type of Lagrangian gauge measures the 
velocity of the material moving in a hydrodynamic 
(low. The simplest such material-velocity gauge 
(MVG) •"' consists of leads attached to a conductor 
oriented perpendicular to an applied magnetic field. 
The How velocity is determined by measuring the 
voltage induced as the conductor cuts magnetic field 
lines. A number of experiments now in progress use 
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HE 
target 

Manganin 
gauges 

Fig. 2. In a typical shock-initiation experiment {lop right), the impact of a gun-acceicrated flyer plate sends a shock wave through the 
target. Gauges embedded at various depths in the target {bottom right) produce the stress-time records displayed. Stress measurements were 
obtained in both PBX 9404 and TATB. The input stress has been adjusted to give about the same run to detonation in both materials. We 
plot an approximate stress, as we have not yet finished calibrating the manganin gauge foil. 

M VG's to measure flow in initiating and detonating 
PBX 9404 and TATB. Information from velocity 
gauges is complementary to stress-gauge informa
tion, providing a valuable cross check on the 
validity of the stress-gauge records. 

RADIATION TEMPERATURE 
MEASUREMENTS 

In a separate series of experiments we have been 
investigating the "hot spot" theory of HE initiation. 

Hot spots, small regions of high temperature arising 
from shock interactions at voids and other discon
tinuities, have long been postulated to explain snock 
initiation in heterogeneous explosives.6 Thei- exact 
nature and function have been the subject of exten
sive speculation and debate. Theory suggests, 
however, lhat the single most important parameter 
governing the early stages of initiation in most ex
plosives is hot-spot temperature, since this deter
mines whether a self-sustaining reaction will 
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Fig . 3 . Stress histories from a0.38-GPa impact experiment on 

l»B\ 9404. We embedded one 8-!! and two 50-!.' gauges at each 
level. Gauge levels A and B are 12.9 and 64.1 mm. respectively, 
From the impact surface. (All experiments at higher input stress 
used at least three gauge stations.) We measured shock transit 
times with piezoelectric pins set flush with the impact surface and 
at the downstream surface. Transit times combined with the 
gauge data allowed us to estimate run distances to detonation for 
the higher stress experiments discussed in the text. Tile agree
ment between the 8- and 50-SJ gauges suggests that no shorting 
between 'auge leads is occurring through Ihe HK explosion 
products. 

develop before the pressure is ^leased. 
We have developed a technique to infer hot-spot 

temperature in PBX 9404 by measuring infrared 
emission. Fast-responding solid-state detectors with 
enough sensitivity for this study have only recently 
become available. Even when true temperatures 
could not be obtained from the data, time-resolved 
radiance measurements yielded histories of hot-spot 
development under various conditions of shock 
loading. 

Figure 4 shows the experimental arrangement, 
together with the results of a series of gun-launched 
projectile impact experiments. The temperature 
peaks occurring near the shock arrival time at the 
surface of the explosive were caused by heat release 
from chemical reaction and not by air shock or any 
artifact of the experimental arrangement. This was 

confirmed by dummy experiments with mock ex
plosives in which no such peaks were observed. 

The curves in Fig. 4 are from single-band tem
perature measurements and apply to average tem
peratures over the entire field of view of the detec
tor. They were taken in two different wavelength 
bands, however. Such double-band measurements 
permit us to derive a ratio temperature, which ap
plies to the hottest part of the field of view. If the 
single-band und double-band temperatures were the 
same, it would mean that the object viewed had a 
uniform temperature. If the ratio temperature is 
much higher than the single-band temperature, it in
dicates a nonuniform temperature distribution (hot 
spots). The derived ratio temperature of 800°C for 
this experiment is the first experimental measure
ment of hot-spot temperature in HE initiation.7 

The other interesting observation from this ex
periment is the difference in shape between the two 
3.8-GPa curves. This effect is not well understood, 
but may have something to do with the discrete 
nature of molecular band emission. After the hot 
spots begin to cool from their peaks, the individual 
curves may reflect differences in molecular 
vibrational emission frequencies among the con
stituents of the partially reacted explosive. We plan 
more refined measurements in this promising area, 
using narrow-band filters to isolate and follow the 
development of individual molecular species. 

Multiple-band infrared radiometry seems to be a 
generally applicable tool for the study of initiation. 
Since the temperature achieved in hot spots must be 
intimately related to the shock sensitivity of ex
plosives, temperature measurement as a function of 
material and shock-wave parameters will lead to a 
better understanding of the factors affecting sen
sitivity. 

REACTION-ZONE STUDIES 
Current hydrodynamic codes treat steady 

detonation-wave propagation by assuming that all 
of the chem ical energy of the explosive is released at 
the shock front. This approach is adequate for 
PBX 9404, in which a detonation wave spreads out 
from a point of initiation as an expanding spherical 
shell. However, it is less useful to describe propaga-
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lion in TATB or other insensitive explosives, where explosive by normalizing the code parameters to the 
detonation waves may spread out or not, depending results of appropriate experiments, but this is un-
on ihe conditions of initiation. At present we com- satisfactory because it provides no way to ex-
pensate for the nonideul character of an insensitive trapolate from a satisfactory solution to a different 

Time after signal appearance —jus 

Fig . 4 . .Representative apparent-temperature vs time curves for PBX 9404 at various input stresses, derived from infrared radiometer 
signalii. The inset schematically depicts the experimental arrangement at Ihe target end of the I02-mm-diam gas gun used to generate the in
itiating shock. Thick aluminum flyer plates (6 to 12 mm) provided flat, sustained pressure pulses into sample disks of PBX 9404 about 5 to 
8 mm thick. The two radiometers contained liquid-nitrogen-cooled indium-antimonide detectors. Both radiometers had identical 3-mrad 
flelds of view covering identical areas of (he explosive, about 4 mm square. A 4.0-^m "cut on" filter on one radiometer caused it to view a 
different wavelength band than the other radiometer. Radiometer response time was about 0.5 (is. 
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set of conditions. 
Theorists have suggested that the anomalous 

behavior of TATB and other insensitive explosives 
could be explained if the reaction zone has a finite 
thickness behind the detonation front. We have 
developed a way to infer reaction-zone thicknesses 
from laser-interferometer velocity measurements.8 

qualitatively confirming the theoretical predictions. 
Improved measurements, together with a broader 
understanding of the physical phenomena occurring 
in the reaction zone, will lead to more accurate 
codes that can be applied over a wider range of 
physical conditions. 

Figure 5 shows the decay of a plane (1-D) detona
tion wave as it passes out of the explosive and 
through a metal plate. The wave consists of a sharp 
pressure spike associated with the reaction zone and 
a long, gradually si ping ramp following. The sharp 
spike has a constant shape and amplitude in the ex
plosive (the chemical energy of the detonation sup

ports it) and then decays in the metal plate, 
although the ramp is relatively unaffected. The rate 
of decay depends on the narrowness of the spike, 
and hence on the thickness of the reaction zone. 

If some of the pressure spike is still present when 
the wave reaches the free surface of the metal plate, 
it will influence Ihe velocity of the free surface. 
Figure 6 presents a diagram of the laser Doppler in
terferometer with which we can measure the front-
surface velocity, together with velocity measure
ments on ihe from surfaces of 0.5-mm-thick plates 
exposed to detonations of PBX 9404 and TATB, 
The plate on the TATB starts out with the higher 
velocity, although the plate on the PBX 9404 even
tually catches up and surpasses it. This indicates 
that the pressure spike was still present in the TATB 
wave and not in the PBX 9404 wave, although both 
had decayed over the same distance in the 
aluminum plates. 

This observation supports the theory that the 

Wave» 
propagation 

' • ( * 

Distance 
Fig . 5 . Idealized stress-wave profiles as a 1-D detonation shock passes from left to right through an explosive and an inert metal plate. 

The &harp spike at the leading edge of the wave defines the reaction zone. This spike decays in the metal plate because there is no more reac
tion energy supporting it. The velocity of the free surface of the metal plate will depend in part on how much of the pressure spike is left when 
the shock wave reaches i t 
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reaction zone in TATB is much thicker than in 
PBX 9404. More refined measurements will be 
needed to determine the shape of the pressure spike 
on the TATB detonation wave, and, hence, the 

structure of the reaction zone. 
The reaction zone structure of TATB influences 

the explosive's behavior in two very practical ways. 
First, there is the propagation of detonation waves. 

0.6 

0.5 

0.4 

r 
0.2 

0.1 
Experimental data 

-9404 

l \ \ - Metal plate 
/ l (various thicknesses) 

1um 

Laser 
interferometer 

0.2 
Time— /us 

0.4 

Fig. G. Laser Doppler interferometer and free-run-plate experiment used to probe reaction-zone structure (rights An explosive lens in
itiates a plane detonation wave in a 50-mm-thick test specimen. Laser light scattered from the free surface of a thin metal plate on the test 
specimen is colt«u.d and analyzed by a laser velocity interferometer, {left) Velocity histories taken at the free surfaces of 0.5-mm aluminum 
plates placed on detonating charges of PBX 9404 and TATB. The curve for TATB starts out higher than that for PBX 9404, even though it 
later falls behind, indicating that the TATB initial spike was higher than that for PBX 9404 after traveling the same thickness of aluminum. 
More refined measurements along the same line will enable us to reconstruct the reaction-zone profile in TATB and other insensitive ex
plosives. 

8 



already mentioned briefly above. In an ideal ex
plosive like PBX 9404 the detonation wave front 
can be calculated from the wave front at some 
earlier time by superposing spherical wavelets 
emanating from each point in the earlier wave \ro*' 
In TATB this Huygens construction is cot 
inadequate. Convex Huygens wave from.:, must 
always diverge, In TATB, a detonation wave .nay 
ultimately fail, even if it is fully detonuting lit the 
center, if initiation took place over too small an 
area. 

Furthermore, even a diverging detonation wave 
front in TATB does not propagate as a Huygens 
wave front. The speed of propagation depends 
markedly on the curvature of the wave front. This 
very nonideal behavior of TATB traces back to the 
thickness of the reaction zone. 

The second manifestation of reaction-zone struc
ture is in the minimum charge diameters and the 
minimum areas over which TATB must be initiated 
in order to sustain a steady detonation. In initiation 
experiments using small, high-speed flyer plates, we 
found that the minimum energy necessary to 
produce a detonation in TATB increases sharply for 
flyer diameters less than 10 mm. PBX 9404, on the 
other hand, can be initiated by flyers about 1 mm in 
diameter. There is a similar order-of-magnitude dif
ference in the minimum propagating diameter of 
PBX 9404 and TATB charges. Both of these effects 
are also traceable to the difference in reaction-zone 
thickness between PBX 9404 and TATB. 

NUMERICAL SIMULATION 
OF REACTIVE HYDRODYNAMIC FLOW 

One of the best tests of a theory is whether it is 
complete enough to enable one to simulate observed 
phenomena on the computer. In addition, the 
numerical simulation can be used to refine the 
theory. With the simulation we predict the result of 
an untried experiment and then compare the ex
perimental results with those predicted. The dif
ferences between the two serve both as a measure of 
the accuracy of the simulation and as an indication 
of the nature and extent of the required adjustments 
in the theory. 

Starting with a l-D hydrodynamics code, we have 

constructed codes that enable us to simulate l-D 
reactive flow in PBX 9404. TATB, cast TNT, and 
PETN. We found it impossible to fit our 
Lagrangian-gauge data without incorporating 

..-rate laws that depend upon two distinct 
,,icesses, an ignition step and thin growth of the 

reaction to consume the material. The ignition step 
is consistent with our understanding of the role of 
hot spots in shock initiation. The rale of the subse
quent reuction depends on pressure. 

New data are needed over a wider range of condi
tions to further test these models, We already huve 
qualitative agreement between the simulation and 
the experimental results. Quantitative comparison 
awaits completion of the manganin foil calibration, 

Our initial success with l-D simulation en
courages us to attempt a 2-D simulation. A 2-D 
hydrodynamics initiation code is vital to un
derstanding the behavior of TATB and other non-
ideal explosives. We have begun work on incor
porating an initiation model into a 2-D 
hydrodynamics code. 

Much work remains to be done to meet our 
program objectives. The new techniques described 
here must be applied to a wide variety of explosive 
materials, both to learn directly about these 
materials and to provide data for improving our 
computer models. However, recent advances in our 
understanding of the properties of PBX 9404 and 
TATB make us very optimistic about future 
prospects. 

AVr Words: detonation: infrared radiation—detection: initiation: 
KO (eodel: Lagrangiati gauges: laser interferotnetn; PBX 9404: 
TATB. 
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ENERGY TECHNOLOGY 

The National MFE Computer Center: 
Increased Capability in 1978 

The National Magnetic Fusion Energy Computer 
Center at Livermore is greatly increasing Us com
puting power and versatility through hardware ac
quisitions and concurrent software development. 
Most significant has been the arrival of the Cray-1 
computer in April 1978, with its one-million-word 
semiconductor memory and vector processing rate of 
up to 250 million floating-point operations per 
second. Additional equipment now being installed in
cludes a new SOO-billion-bit CDC 38500 mass storage 
device, a Dicomed D48 graphic film recorder, and 
Systems Concepts 3350 staging disks. 

The Cray-1 computer is already significantly af
fecting computational physics in the magnetic fusion 
energy communi ty . For e x a m p l e , one 
magnetohydrodynamics code, after conversion to the 
Cray-1, runs five times as fast as it did on the 
CDC 7600. The center's expanded capabilities now 
make possible new ways of visualizing plasma physics 
problems and more refined estimates of hard-to-
measare physical parameters. 

The National Magnetic Fusion Energy Computer 
Center (NMFECC) was created in 1974 to provide a 
centralized computing facility for national 
laboratories, contractors, and universities involved 
in magnetic fusion energy research and develop
ment. Initially, five laboratories (Princeton Plasma 

Contact John Killeen (422-40261 for further information on this 
article. 

Physics Laboratory, Oak Ridge National 
Laboratory, Los Alamos Scientific Laboratory, 
Lawrence Livermore Laboratory, and General 
Atomics Corporation) were connected to a central 
CDC 7600 computer system with high-speed {S0-
kilobit-per-second) transmission lines. At each of 
the sites a DEC Kl-10 computer was installed to run 
the local printer, tape drives, and card reader, and 
to provide a local capability for running smaller 
physics problems. Additionally, a communication 
processor (PDP-11/40) was installed at each site to 
interface the KI-10 with the communications 
network. This combination of minicomputers at 
each major site constitutes a user service center. 
Figure 1 shows the original magnetic fusion energy 
network. 

GROWTH AND EXPANSION OF THE 
NMFECC COMPUTER CENTER IN 1978 

Quite early in the operation of the M FE network, 
researchers could see the need for much more com
putational capability. Many important physical 
phenomena took long times to simulate or required 
more memory than even the CDC 7600 could 
provide. The complex computational plasma 
physics that is vital to MFE research programs 
justified the purchase of a Class VI computer two to 
five times faster than the 7600. 

The Class VI computer, delivered at the end of 
April 1978, is a Cray-1 computer system. Its basic 
configuration, shown in Fig. 2, consistr <̂ f a central 
processing unit (CPU), a maintenance control unit 
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O National MFE Computer Center (NMFECC1 

O User Service Center (USC) 

Fig . 1 . The original MKK computer network as it Has in 1974. 
other laboratories >ia hich-data-rate transmission lines. 

fhe computer center at l.l.I. Has connected with stations at four 

for performing hardware diagnostics, and a 
dynamic disk subsystem to control sixteen DD-19 
disk storage units. The storage capacity of each of 
the disk storage units is on the order of 
2500 megabits of information. 

The Cray-1 CPU is divided into three sections: a 
million-word (64 bits per word) semiconductor 
memory with a maximum transfer rate of 80 million 
words per second, a computational section with 
functional units and registers, and an input-output 
section with a maximum transfer rale of 10 million 
words per second. The memory has twice the 
capacity of the CDC 7600 large-core memory and 
allows rapid access comparable to the CDC 7600's 
relatively small semiconductor memory. 

The computational section of the Cray-1 CPU 

consists of scalar and multielement vector registers, 
address registers, and twelve functional units. The 
functional units are divided into four equal groups 
serving address functions, vector operations, scalar 
operations, and floating-point operations. The com
putational section's architecture permits a tech
nique called chaining, providing speeds up to 
250 million floating-point operations per second 
(250 M flops). (The CDC 7600 performs about 
20 Mflops.) Chaining is fast because the vector 
functional units, in combination with scalar and 
vector registers, can store intermediate results, 
eliminating much addressing of memory. 

The Cray-1 system has been integrated into the 
existing MFE computer systems with a direct con
nection to the CDC 7600. to the file management 
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Cray-1A/EC 

Computational Section 
• Instruction buffers 
• Functional units 
• Registers 

Memory Section 
• One million 64-bit words 
• Single-error correction; 

double-error detection 

Input-Output Section 
• 12 full-duplex channels 

Fig. 2 . The basic configuration of the Cray-1 
computer system. The main divisions of (his system 
an* the antral processing unit ( O H ) , thi; main
tenance control unit for internal checking of system 
hardware, and a mass storage subsystem consisting 
of It DIM1) disk storage units. 

|"Mai lenance 
control 

unit 

^ 
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DCU-2 

T 
B 
B 
B 
B 

DCuTj | DCU-21 

760O 

6400 

, Available , 
I for 819 I 
| disk I 
, system , 

I Available for 
| DCN terminal 

concentrator 

J Available for additional • 
I mass storage and/or f 
i front-end computer systems j 

system (FILEM). and to the staging disks con
trolled by the file management computer. Making 
these physical connections is only the first step in in
tegrating a new computer into the system, however. 
The Cray Operating System, acquired with the 
Cray-1. provides only limited batch processing of 
jobs. This is far short of the MFE community's need 
lor both a timesharing and a multijob batch 
processing system. 

This year we have adapted a version of our Liver-
more Timesharing System (LTSS) to the Cray-1; the 

the new version is called CTSS. The basic CTSS 
system and several of the utility routines were con
vened to the Cray-1 by early August of this year. 
The Cray Fortran compiler was also converted to 
run under CTSS at this time, making available both 
batch processing and limited timesharing. Full 
timesharing is expected by the end of 1978. 

In addition to the memory capacity built into the 
computers, there is a large and growing need for 
long-term and short-term file storage. Files are long 
lists of numbers, such as values of the magnetic field 
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at each of a series of points distributed throughout a 
volume, thai need to be refilled from lime to time 
in various calculations. We are installing multilevel 
storage to give our users a high-performance, 
reliable system for storing files at minimum cost. 

The first level of file storage, for the most fre-
.I'.iently needed files, is the System Concepts 3350 
.0 ray of high-performance staging disks. Eachcom-
•iiiicr in the network independenily processes files 
•iiiough the staging disks, providing the benefits of 
redundancy. The total capacity of this first-level 
s\siem is 2400 megabytes, with an access time of 
about 75 ms. 

The second level of the file storage system is the 
CDC 38500 mass storage system installed early in 
1978. T U i s is a cartridge system with a total installed 
capacity of 0.5 trillion tits and a potential for ex
panding to twice that side. Access times are on the 
order of 15 s. We estimate that between 95 and 98% 
of all accessed files will reside on either the staging 
disks or on the mass storage system. 

The final archival level of file storage we are ac
quiring is the Automated Tape Library (ATL). The 
ATL is a box-like enclosure that stores very high-
density tape reels (6250 bits per inch). Each basic 
module of the five in the system holds almos, 
400 reels of magnetic tape, a reel selection 
mechanism, and four automatic reel mounting units 
that service four tape drives. We expect that ul
timately 75% of all stored files will reside on these 
tapes. Under control of the file management com
puter, the ATL will be able to mount a tape 
automatically in about 15 s. Total access time (in
cluding time to mount the tape) will be about 
2 minutes. The system eliminates manual interven
tion to ensure system reliability and physical 
security for the data. Table I presents the operating 
parameters of the various levels of file storage. 

One index of user acceptance is the growth rate of 
demand for file storage. Figure 3 shows how this de
mand has steadily increased since the FILEM was 
placed in operation. Clearly the 1.5-trillion-bil 
capacity of the ATL is appropriate. 

An important aid to understanding the results of 
our computations is the ability to present them pic-
torially. In addition to such graphic display equip

ment as cathode-ray lubes and printer-plotters at 
ihe various user service centers, we have acquired a 
Dicomed D48 film processor. This unit can process 
16- and 35-mm film in both black and while and full 
color, as well as 105-mm microfiche. The D48 
system produces high-definition vectors and charac
ters for graphic microfilm output and also provides 
equivalent gray-scale images. 

Meanwhile, the network continues to grow. More 
than 30 university research groups, as well as small 
fusion groups at other laboratories, have been 
allocated time on the CDC 7600. The MFE com
putational workloads from the University of 
California at Berkeley and the University of Texas 
at Austin have increased to the point that each has 

T«Mi 1. Capocitlti, acciM sptedi, ind coit» ptr 
mtgabyta for tht various storage levals of 
th* new NMFECC matt storagt equipment 

Storags 
level 

Gross storage 
capacity, 
Mbytes' 

Access speed, 
ms 

Cost, 
$/M*yte 

Disk 
Mass store 
Archival 

2400 
62500 

187 500 

75 
15 000 

120 000 

105 
16 
2 

aOne byte = 8 bits. 

150 

1976 1977 1978 

Fig. 3 . Growth in demand for file storage since Ihe file 
management system (FII.EM) was placed in operation. Ad
ditional file storage capacity now being installed is expected to 
satisfy user demand for several years to come. This graph can be 
interpreted in terms of bits with the average file size being about 
1.8 megabits. 
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installed a remote job entry terminal (RJET). The 
University of Texas RJET eommunicales through a 
network access port (NAP) since its KJF.T uses its 
own software. Within the next few months, four 
more universities will have RJKT's connected to the 
network: New York University, the University of 
Washington (Seattle), the University of Wisconsin 
(Madison), and Cornell University. Figure 4 shows 
the national MF1: network us it exists today. 

IMPACT ON THE FUSION PROGRAM 
As the iiuernalional effort to achieve controlled 

fusion has evolved over the past 25 years, computa
tions have played an increasingly important role. 
Theoretical-numerical models for describing plasma 
behavior have improved greatly. In addition, there 
have been rapid increases in the speed and memory 
of scientific computers, making routine work of 
calculations thai were impossible j.ist a few years 

CDC 38500 
Mass store 

DEC 
KL-10 

DEC 
KL-10 

Fig. 4 . The national MFK network as it exists Coday. Nine separate user service venters at different research establishments across 
the na.'ion communicate directly via leased lines and microwave links with the NM FKCC in l.ivermorc. The presenl service centers are 
at the Princeton Plasma Physics laboratory (PPPl . t . Oak Ridge National l.ahoralory (ORN1.), I.ns Alamos Scientific Laboratory 
(I.ASI.), General Atomics Corporation ((JA), Science Applications Inc. (SAD. t'niversity of California at Berkeley l l 'CB) . I'niver-
sity o fTcxas ( t 'T) . uur Magnetic Fusion Fnergy Division (1.1.1.), and the MFF.CC itself. Further expansion in the next months will he 
lo New York t'niversity, the L'nivcrsity of Wisconsin, the t'niversity of Washington, and Cornell t'nivcrsity. Additionally, the 
MFF.CC DFC Kl-lfl serves as a gateway computer between the extensive Advanced Research Projects Agency (A KPA) network and 
the National MFF. network. 
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ago. An investment in computer time now provides 
a much greater return in terms of output data that 
c:.n reasonably be expected to predict the behavior 
of an experiment. 

These advances in theoretical models and 
limerical techniques have been necessary to keep 
• \uth magnetic confinement experiments, which 

i:.ivi; become more complex. In the LLL mirror 
P'ogram. for instance, the axisymmetric devices of 
me 1950"s have been superseded by the minimum-fl 
configurations of current experiments. These latter 
configurations have no symmetry coordinate, mak
ing it necessary to describe the plasma in three 
dimensions instead of two. 

Of tht various kinds of numerical models for 
describing plasma behavior, time-dependent 
magnetohydrodynamic (MHD) codes, normal-
mode MHD calculations, and particle codes are 
among th: largest and longest-running codes within 
the MFE network. For this reason we selected five 
of these physics codes for conversion as an accep
tance test of the Cray-1. The five codes we chose 
were: 

• PEST (MHD normal-mode calculation)— 
Princeton Plasma Physics Laboratory. 

• ERATO (MHD normal-mode calculation)— 
Oak Ridge National Laboratory. 

• ICED-ALE MHD (three-dimensional non
linear MHD)—Los Alamos Scientific Laboratory. 

• SUPERLAYER (a two-and-a-half dimen
sional particle code)—Lawrence Livermore 
Laboratory. 

• GAQ (MHD equilibrium solver)—General 
Atomics Company. 

All of these codes work properly on the Cray-1. 
Typically, codes run on the Cray-1 are faster by fac
tors of 2 to 5 than when run on the CDC 7600. 

RECENT COMPUTATIONAL RESULTS 
Magnetohydrodynamics. This is the study of how 

a conducting fluid (in this case a plasma of ions and 
electrons) behaves in a magnetic field. The most 
general MHD problem requires us to solve eight 
simultaneous nonlinear partial differential equa
tions. This calculation in two dimensions has 
become fairly routine, though often time-

consuming. ' We have also carried out some three-
dimensional calculations, but they ar • very difficult 
to do on the CDC 7600. One important calculation 
of this type done on the CDC 7600 was the 
numerical simulation of the Scyllac experiment us
ing the ICED-ALE MHD code. 2 This simulation 
helped theorists identify the origin of the force im
balance that prevented plasma confinement in this 
experiment. With the Cray-1 system, it is now possi
ble to perform these calculations much faster and 
with belter resolution. 

To simplify the calculations, it is possible to avoid 
solving the complete set of MHD equations in some 
cases, For example, physicists at Princeton and Oak 
Ridge were able to reduce the equations describing 
some aspects of tokamak operation to two coupled 
nonlinear equations in two dimensions. This ap
proximation was valid because the poloidal 
magnetic field is usually weak compared to the 
toroidal field. (The poloidal and toroidal directions 
refer to the short way and the long way, respec
tively, around the toroid-shaped plasma.) Extensive 
work with this and other computational models 
enabled theorists to explain the "sawtooth oscilla
tions" seen in the core of tokamak plasmas in terms 
of a combination of MHD instabilities.3 

To investigate other instabilities, plasma 
researchers are often forced to consider three-
dimensional configurations. For example, another 
mode of plasma behavior sometimes seen in 
tokamaks is the "major disruption," an expansion 
of plasma toward the wall of the containment 
vessel. Some of the same types of instabilities con
sidered in the explanation of sawtooth oscillations 
were thought to be at work in the major disruption, 
but two-dimensional calculations were not able to 
verify this. 

A weakness of the two-dimensional calculations 
was that they assumed that all plasma perturbations 
had the same helical pitch around the plasma 
column. It was therefore impossible to include in
teractions between modes of different helicity in a 
two-dimensional calculation. Extending the model 
involving the reduced equations to three dimensions 
enabled researchers to discover a plausible explana
tion for the major disruption. * Computational 
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physicists at Oak Ridge have converted this par
ticular three-dimensional code, called RS3. to the 
Cray-1 computer, and it now runs five times faster 
than on the CDC 7600. It still has many uses in 
studying the major disruption and other MHD 
phenomena to which it applies. For other applica
tions, however, we will still need to solve the com
plete set of MHD equations in three dimensions. 

The main interest in studying instabilities is to 
follow plasma perturbations as they grow and 
become nonlinear. Only in this way can we deter
mine whether an instability saturates before it spoils 
confinement. Many such problems, previously 
beyond the capacity of our system, are now being 
attacked vigorously on the new machine. 

Another approach to the determination of MHD 
behavior is the study of linear normal modes. These 
are natural modes of oscillation excited by small 
perturbations from equilibrium. The PEST' and 
ERATO 6 codes do this by calculating an 
equilibrium and then obtaining the structure and 
frequencies of the normal modes by formulating 
and solving a matrix eigenvalue problem. 

These codes have made vital contributions 7 to 
the understanding of the dangerous "kink" and 
"ballooning" instabilities, as well as other MHD 
modes in tokamaks. This information permits 
physicists to determine limits on the ratio of particle 
pressure to magnetic field pressure (fJ). For exam
ple, the PEST code has had a major impact on ex
perimental design, particularly in the case of the 
Princeton PDX experiment in which coils were 
rewired on the basis of equilibrium and stability 
studies. 

The PEST code runs 3.7 times faster on the Cray-
1 than on the CDC 7600. With this greater speed we 
may undertake to develop more sophisticated ver
sions of these codes, with better resolution of the 
plasma and coil configurations. The improved 
codes may provide vital input to the investigation of 
future experiments and reactor configurations. 

Particle Codes. In many cases, however, MHD 
and other fluid models cannot adequately describe 
plasma behavior. In such cases the calculations 
must include microscopic effects (how individual 
particles move, how their velocity distributions 

change, and how these motions and changes affect 
the plasma). 

Although ideally such a calculation should follow 
every particle in the plasma, in practice particle 
codes follow the motions of a large number of 
"superparticles" that behave like individual tons 
and electrons but actually represent many in
dividual particles. These superparticles move 
because of forces exeiud by the electromagnetic 
fields in the plasma, which are in turn determined 
by the charge densities and currents due to the parti
cles. The calculation must proceed sell-consistently, 
constantly assessing the effects of the fields on the 
particles and of the particles on the fields. 

We used the LLL particle code SUPER-
LAYER "•' in the Cray-I acceptance test. SUPER-
LAYER is a two-and-a-half-dimensional code: it 
assumes that quantities vary only in the radial and 
axial directions (cylindrical symmetry), but that 
particles may have velocities in all three coordinate 
directions. SUPERLAYER accounted reasonably 
well for the failure to achieve field reversal in the 
cylindrical Astron experiment. I 0 We are now using 
it extensively to interpret results of the 2X1IB ex
periment at LLL and of ion ring experiments at 
Cornell, and in the design and simulation of the 
TMX and MFTF experiments. Its main application 
at present is to investigate possible field-reversed 
configurations in 2XIIB and MFTF.' 

SUPERLAYER has been used in many impor
tant calculations, but it also has significant limita
tions. Even in modeling asymmetric mirror devices 
it assumes cylindrical symmetry. In many cases it 
forces us to accelerate artificially the rates for some 
physical processes, and the code is still unable to ac
count for all the effects of space charge, electron 
currents, and rf diffusion. Even the Cray-1 will not 
allow these difficulties to be resolved completely, 
but it will permit great improvement in the accuracy 
of the simulation. 

In addition to simulating specific experiments, 
particle codes have become extremely useful for 
verifying general plasma theory, an experiment to 
verify a theoretical idea may be very difficult and 
expensive, but a particle code can describe how an 
ideal plasma would behave under given cir-
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cumstunces al relatively low cost. We can also 
program in any desired diagnostics in a calculation 
without perturbing the plasma, u feat that is often 
impossible in an experiment. 

However, just as with the MUD calculations, we 
uist often resort to three-dimensional formulations 
i simulate the most interesting plasmas. Three-

nmcnsionaf particle codes have so Car heen only 
marginally successful. We expect that with the ad
ded computing power of the Cray-1, three-
dimensional particle models will become important 
theoretical tools. 

OUTLOOK 
Clearly, the current expansion of the MFE 

network will allow more physics to be included in 
very large multidimensionul fluid and particle 
codes. Furthermore, il will now be possible to 
develop more sophisticated hybrid codes, i.e., 
plasma simulations which combine, for example, 
fluid and particle models that interact with each 
other. Such sophistication will be an absolute 
necessity for the design of future experiments and 
eventual fusion reactors. 
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DEFENSE PROGRAMS 

Rapid Nuclear Chemistry for 
Determining the Properties of 
Short-Lived Fission Products 

We have developed automatic systems for rapid 
chemical isolation and spectroscopic analysis of 
short-lived fission products. Using both batch- and 
continuous-mode systems, we are able to measure 
nuclear properties with a speed and accuracy unat
tainable by conventional chemistry. From the data 
bases thus obtained, we are deriving new information 
on decay properties and fission yields that is ap
plicable to nuclear power safety, explosion 
diagnostics, and understanding of fundamental 
nuclear properties. 

We have known fission for over four decades, yet 
it continues to present challenging problems both as 
to its fundamental nature as well as to its optimal 
use as an energy source for civil and military ap
plications. Many of these problems can be attacked 
if the fission products are studied in detail. For 
years the long-lived fission products, which can be 
isolated by traditional chemical techniques, have 
been investigated. However, we have been quite 
ignorant of the short-lived nuclides with half-lives 
up to a few hundred seconds, mainly because the 
techniques of chemical isolation have required times 
far in excess of the decay half-lives; hence, these 
nuclides decayed before they could be measured. 

For fundamental studies of fission, two impor
tant types of information come from the study of 

CVmrucr Richard A. Meyer t -t2}~5!i 72 > far flintier information on 
this ankle. 

short-lived fission products. The first is (he abun
dance of each particular nuclide shortly after the fis
sion event. These data should be explained by 
theories of the fission process. The other type of in
formation is about the fission products themselves: 
their masses, nuclear structure, and decay proper
ties. These fission products have many more 
neutrons than the stable nuclides of the same mass 
number, and so they offer tests of nuclear theories 
in unusual nuclides. Because fission produces these 
neutron-rich nuclides, we must understand them 
before we can understand more about the process 
that produced them. 

The data on short-lived fission products also bear 
on several problems of fission reactors, in particular 
on loss-of-coolant accidents and the associated 
problem of decay heat from radioactive decay of the 
fission products. The general design of heat transfer 
loops is also influenced by the amounts of beta and 
gamma rays from the radioactive decay of these 
products. 

In the area of weapons testing, the fission 
products are indicators of device performance. The 
post-detonation chemistry, which is one major 
cause of fractionation, is strongly influenced by the 
short-lived products. 

To study short-lived fission product nuclei in 
detail, we have developed techniques of rapid 
chemical isolation and spectroscopy for these fis
sion products. Because of the very short half-lives, 
the useful measurement period resulting from a 
single chemical isolation is very short, and only a 
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Table 1 . Improvements in the processing character
istics of our system to isolate shorter half-life 
fission products. 

Old system New system 

Transport time from LPTR 15 1.8 
to chemical lib, s 

Time for chemical 30 1.9 
isolation, s 

Shortest half-lire 45 2.0 

studied, s 

Minimum cycle time, s 480 30 

Irradiations per 8-hr day 60 1000 

Target-launcher capacity, I 38 
number of Mlibits 

Time to deliver sample 2Sa 0" 
to detector, s 

small fraction of the necessary data can be obtained 
by an individual measurement. We therefore repeat 
exactly the same measurement many iim;s to build 
the statistical base. Furthermore, since the nuclide 
species of interest represent a small fraction of the 
total radioactivity, we separate that nuclide from 
the highly radioactive collection of fission products 
by remote means. Our facility includes both an 
automatic batch system (autobalch) and a system 
for continuous isolation of single-element fission 
products. 

We have developed, in particular, rapid tech
niques to separate fission-product isotopes of the 
group V-A and Vl-A elements (Fig. I). We use gas
eous hydride separation and transfer techniques for 
the antimony and arsenic isotopes. For bromine 
production we have used its precursor, selenium, 
followed by extraction of the daughter bromine, a 
technique that allows enhancement of 55.5-s s f 'Br 
over 56. l-s s 7 Br by more than a factor of 25. which 
compares with the approximate ratio of I produced 
by isolation of bromine from fission products. The 
isolation of tellurium from fission products has 
been done by a combination of hydride production 
followed by extraction in xylene. The half-lives we 
study for the Sb isotc xs range from 11 s to a few 
minutes. The study of the As and Br isotopes is 
challenging because of the similarity in half-lives of 
""Brand "Br as well as 16.5-s s 0 As. 19-s s : A s ' " . 
13.3-s "As ». and 13.5-s s , A s . 

AUTOBATCH 
Since we wish to study neutron-induced fission 

products, we need a pneumatic tube to transport 
samples rapidly in and out of a neutron source, such 
as trie Livermore Pool-Type Reactor (LPTR). ' 
Next, within a few seconds or less, we must be able 
to extract the fission products from the transporta
tion container (called a rabbit) and to isolate 
chemically the nuclide of interest. Once it is 
isolated, we must quickly measure its characteristic 
radiations before its level of activity drops loo low. 
(Typically, for a species whose half life is 5 s. we 
have only 10 to 20s in which to make a useful 
measurement: after that, the activity of the sample 
has dropped to such a low level that other species 

aHand-carried. 
"Part of computer-controlled chemistry. 

mask its characteristic radiations.) 
We have had to improve considerably our 

original system, which was initially designed for the 
isolation and study of 2-min activities. Charac
teristics of the improvements are compared with the 
original system in Tabic I: the improvements have 
come from our effort to automate fully both the 
chemical separation and the spectroscopy measure
ments. 

The full cycle of operation for our automated 
system is diagrammed in Fig. 2. Rabbits containing 
doubly encapsulated l-ing samples of I'-235 in solu
tion are shot int'i the reactor from an automatic 
rabbit launcher. A microprocessor controls ;'v.^ 
loading and firing from a magazine thai !>..'!ds 
3S rabbits. \ microprocessor loads and sends ihc 
rabbit through a pneumatic tube (activated by 
nitrogen gas) to the core of the LPTR. 1 he sample is 
irradiated for a specific time, then the 
microprocessor sends it through a second 
pneumatic tube to a receiver located in a chemistry 
laboratory hood approximate!} 60 m from the core 
of the I.PTR. Once in the receiver, the rabbit is 
punctured bv a double concentric needle that c.x-
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Fig. 2 . Full operating cycle for our automated system, (a) Automatic launcher sends rabbit to core of I.I'TK for irradiation; from I.PTR, 
rabbit is sent by pneumatic tube to chemistry laboratory. Fission products are extracted, and acid and carrier are added. As shown in (b), 
mixture is bubbled with nitrogen gas to purge fission-product gases, then sodium borohydride Is added, producing group V-A and Vl-A ele
ment hydrides. Cases flow through tube containing CaSO into catcher made of inert substrate impregnated with potassium hydroxide in 
ethanol. Once Sb is on catcher, spectrometer is turned on. Simultaneously with measurement cycle, chemical separation parts of the system 
arc cleaned. Once its measurement cycle is over, spectrometer is shut off, and catcher is cleaned and refurbished for next separation. Finally, 
rabbit is removed, and receiver block is ready for next rabbit. 
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tracts the fission product in a reaction vessel, adding 
acid and carrier (a sr.'all amount of antimony) in the 
process. 

Purging with Nj gas (see Fig. 2b) cleans out the 
gases produced during fission and precludes their 
daughter activities from being observed in subse
quent spectroscopy measurements. The actual 
chemical separation of Sb from the other fission 
products is made by addition of sodium 
.orohjdride (NaBllj) ilio acidified fission 

products and carrier. The stibine and arsine 
(g;1 ;eous SbH, and AsH,) are transported through a 
C a S 0 4 trap that eliminates other hydrides produced 
by NaBH,j reaction. The final step is destruction of 
the stibine with KOH in elhanol: the homologue 
AsH3 passes through. This final step leaves the Sb 
on a substrate in front of a radiation detector. As 
soon as the final chemical step is finished, the 
microprocessor turns on the spectrometers for 
measurement. 

An important feature of the microprocessor con
trol is the capability for simultaneous operation. 
For example, spent reagents are cleaned from the 
chemistry system and new reagents replenished dur
ing the measurement period (Fig. 2). This reduces 
the cycle time and, hence, increases the number of 
measurements that can be made in an operational 
day. The actual number of measurements, then, de
pends only on the length of the measurement seg
ment, which can vary from a short time—if gamma-
gamma-lime three-parameter coincidence measure
ments are being made on a short-lived activity such 
as 10-s l 3 4 Sb decay — to 30 min in our experiments 
to measure the fission-yield isomer ratio of , 3 2 So * 
vs " 2 S b m . The measurement rate has been greater 
than 1000 isolation/measurement cycles in one 10-
hour LPTR operating day. 

We have developed a number of novel chemical 
techniques in our efforts to isolate rapidly some 
fission-product elements. For example, we have 
based some of our chemical isolations on the 
generation, transport, and selective absorption of 
the gaseous hydrides of class V-A and VI-A ele
ments. We discovered that the mere injection of a 
caustic (NaOH) into the transport line isolated 
nearly pure As (see Fig. 3). (Although we had been 

able to obtain excellent antimony separation on the 
time scale of 0.5 to 1 min using this same hydride 
technique combined with ion exchange, we found 
that the kinetics of ion exchange were too slow to be 
useful for the isolation of 10-s 'HSb.) Also, we 
found that tellurium hydride could not be isolated 
by the gas-generation technique wheri a mass of 
tellurium carrier (typically I nig per separation) was 
added. However, we did obtain a good tellurium 
ser.union after «.. discovered thai, in the gas 
phase, a massive amount of tellurium will decom
pose simultaneously by second-order reaction, 
much as its homologue sulfur does. 

The study of some nuclides requires chemical 
separations on a time scale much less than thei-
half-lives. For example, not until we were able to 
perform 10-s Sb separations were we able to study 
850-s (12.5-min) l 3 3 Te« by itself (see Fig. 1). 
Several tellurium isotopes have half-live;: in the 
range of 10 to 40 min. In order >.o isolate only 
'•"Te s , we had first to isolate antimony, allow it to 
decay, and separate the daughter tellurium. By 
selective timing of the separation steps, nearly pure 
'- 'TeS was obtained. 

Since we must repeat our experiments for 
statistical significance, we want to assess the experi
ment's progress while we are taking data. Conse
quently, we have developed spectrometers that have 
the capability of on-line analysis of the data. One 
such spectrometer 2 allows nearly instant analysis of 
gamma-gamma coincidence spectra, instead of hav
ing a 2- to 7-day delay. 

CONTINUOUS CHEMISTRY 
When we want to study a species with a half-life 

of only a few seconds or less, the available measure
ment period is excessively small when compared to 
the amount of time required to process a discrete 
sample. A way to avoid such a low duty factor is to 
isolate the species of interest in such a way that our 
measurement apparatus observes an apparent 
steady-state source. This can be accomplished by 
taking a continuous-flow fission-product stream 
(solution) and selectively extracting the desired 
species from the solution into a second immiscible 
solvent. Until recently, the difficulty was that 
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several minutes have been required for phase 
sepai ition of most immiscible pairs of solvents is 
minutes. This has been overcome by use of a high

speed centrifuge. -1 The technique was originally 
developed for the study ofchemical kinetics and dis
tribution coefficients. 
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F i g . 3 . Diagram ofchemical isolation sequence for arsenic. I m pro vent en! in thc2-s arsenic chemistry was accomplished by inserting 
a second NaOH trap m the chemistry step, l l ) Irradiation and transfer time requires 2 s. (2) Then 3 M tK'lisadded. (3) Purging with 
N 2 gels rid of Kr and Xc fission products. (4) Introduction of N a B H 4 generates the hydrides. (5) Selective destruction ofTe and Se 
hydrides in C a S 0 4 . (6) Passing of the hydrides over brominated 9 M MCI on an inert substrate. Nearly all the Sb hydride was 
eliminated by insertion of a second trap containing NaOH and destroying th" As hydride on a catcher. Diagrams (a) through (d) show 
the improvement in spectra, where (a) and (b) are about 10 and 25 s after separation, respectively, with the CaS( ) 4 trap, and where (c) 
and (d) are the same time periods with a double trap inserted. The only evidence in (c) and (d I of traces of Sh still present is an un
resolved multiplet of photopeaks at 695 keY, which may contain the largest known '' Sb peak. 
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This technique (called SISAK) has been 
developed around a centrifuge developed by Jan 
Rydberg and Hans Reinhardt of Chalmers 
Technical University in Gothenberg. Sweden. This 
centrifuge has a small (10-cm-') central bowl that 
rotates at approximately 20 000 rpm. At these 
speeds and volume, the residence time in the cen
trifuge is only 400 ms. 

We hav.: tested a dual '.'cmnfuge system and 
demonstrated the isolation of cerium on a short 
time scale. We are currently building a four-
centrifuge system whose operation is diagrammed 
in Tig. 4. In Step 1, the fission products are extrac
ted from a continuous fissioning source (target) by 
liquid or gas How and then mixed with an aqueous 
stream: the stream is degassed to get rid of fission-
product gases. In step 2. the aqueous phase is mixed 
with an organic solvent containing a chemical com
puting agent (such as bis-2-ethylhexylorlho-

phosphoric acid. HDEHP). In general, step 2 will 
extract more than one element. Hence, a selective 
second extraction (back extraction) is done in step 3 
with the desired species in step 4. Further chemical 
purification and retention time for measurement 
can be obtained by choosing a suitable type of 
product collector (ion exchange, preformed 
precipitate, etc.). Step 5 is necessary to clean up the 
second organic phase and exlraclant of residual ac
tivity (daughter products, etc.) so that it may be 
recycled and used in step J again. Such a system has 
been used •' to isolate and measure activities as short 
as 800 ms. 

DATA APPLICATIONS 
Nuclear Power. In designing a power reactor, 

provisions must be made for several categories of 
hypothetical accidents. For example, if an accident 
causes the loss of the cooling water, automatic con-

Degassing 

Gas jet • 
from 

target or Aqueous 
flow 

Q 

I Organic solvent I 
1 Phase 1 

Addition of I 
chemicals , 

(2) 

= Mixer + centrifuge 

Organic solvent 
Phase 2 

i/1 

| £— Radiation 
, detector 

(3) (4) 

0,i B i S i B 

(5) 

Fig . 4 . Diagram of four-stage centrifuge system currently under contraction. Yellow shows organic phase; red, aqueous phase. ( I ) 
('•aseous or liquid fission-product stream is mixed with aqueous stream and then degassed. (2) Aqueous phase is mixed with organic sol
vent to extract elements. (3), (4) Since step 2 will extract more than one element, a selective second extraction (back extraction) is 
done in step 3 with the desired species isolated in step 4. (5) Second organic phase and extractant are cleaned of residual activity to he 
recycled asd used aguin in step 3 . This system can isolate and measure activities on the order of 1 s or less. 
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troh would instantly drop the reactor control rods 
b a d into the core, thereby stopping operation of 
the reactor and any further fission-product produc
tion. However, residual fission products holding a 
i.n'ic amount of energy would remain. This energy 
. ,-uld be converted into heat at a rale governed by 

• >-.c iulf-lixcs and by the decay energies of all the fis-
>,. products present. 
I o design emergency cooling systems to compen-

•..itc for this heat production, one approach is to 
•dentify those short-lived .isotopes that produce the 
decay heal and then to calculate the rate of heat 
piodticiion. We have examined the contributions 
and their uncertainties from individual isotopes 
produced from - 1 5 U fission products for a burst 
irradiation and for cooling times ((,.) of I (land 100 s, 
l-'or I,, of 10 s, more than 97'? of the total decay 
power is due to about 84 isotopes. By summation of 
individual contributors. 26 isotopes account for 
W"( of the total energy variance. This data base is 
extremely useful for the flexible and efficient design 
of next-generation reactors. 

Our first measurements for this application have 
been on the properties of the short-lived antimony 
isotopes 4.2-min '-'-Sb'", 2.4-min | , : S b P . 2.3-min 
' "Sb . and 10-s ' "Sb . Our results show that even 
previously accepted average gamma-decay energy 
data are incorrect by as much as45%. In Table 2. we 
compare our results with previous work. 

Analysis of I ndcrground Nuclear Explosions. The 
quanlitative analysis of debris recovered from an 
underground nuclear detonation is complicated 

Table 2. Changes in average 7-ray energies of 
isotopes associated with reactor safety decay-
heat isotopes. 

isotope 
Value I32s;,m 132 s b E 133 s b 134 s b 

E , McV/fission 2.344 2.488 1.874 2.086 
(previous work) 

E , MeV/fission 2.799 2.535 2.531 2.632 
(present work) 

Percent change 19 1.9 45 26 

because the residual reaction products used to 
measure various aspects of the fission process are 
not homogeneously mixed in the recovered samples. 
Following detonation, condensation and, subse
quently, solidification occur in a nonuniform man
ner, such that volatile elements separate out dif
ferently than do refractory elements. Consequently, 
upon recovery we obtain nonuniform and non-
representative diagnostic samples due to the 
physical and chemical effects that s_„regate ele
ments in the lime between detonation and full un
derground equilibrium. 

The temperature-pressure history that governs 
the f r a c t i o n a t i o n d u r i n g the c o n d e n -
satioii-solidifietMion period is poorly understood. 
However, we can sometimes make predictions using 
computer modeling based on the thermal properties 
of the medium. The predictions can be checked by 
studies of the cavity gas composition at early times 
(a few minutes) and through correlation of species 
whose chemical nature is fixed during the course of 
condensation. Thermodynamic studies of the 
materials (present either as matrix material or as 
trace components) would lead to a belter un
derstanding of the phenomenology of chemical frac
tionation if the physical conditions were known and 
if the chemical nature of the fission mass chains 
later measured was known as a function of time. To 
know the nature of the mass chains, we must know 
the detailed properties of the rapid consecutive beta 
decay of the short-lived fission products that are 
changing the chemical composition with time along 
a fission product mass chain. The known properties 
must include not only fission yield values, half-lives, 
and decay characteristics (absolute gamma-ray in
tensities, etc.) but also beta-delayed neutron emis
sion. 

In the diagnostics using prompt-gas samples, par
ticularly important is the mass-133 fission-product 
chain (see Fig. 5) in which not only chemical but 
physical changes occur. Unfortunately, little has 
been known of its exact properties. For example, 
literature values for the chain branching at an
timony 10 tellurium vary by almost a factor of 100. 
In the past few years we have determined all the ab
solute values for the decay properties in the chain 
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i! ,mma-ra> intensity belongs to the unsuspected 
dominance of low -energy transitions at high excita
tion energy in ' ! ; l . 

These features arc important for using the 
gamma-ray data ui determine the > iclds of the carls 
mass- 1 ,V' fission-product chain. They wil l be used as 
the basis lor our fission-}icld measurements. 

Fundamental l'n>|>i'rties. During the course of ob
taining the necessary metrology for nuclear power 
and explosion diagnostics. we are acquiring a large 
hod> of systematic information on the properties of 
highly unstable nuclei. These data allow us ,i unique 
opportunity lo explore a number o\' fundamental 
problems of nuclear science. Among these ale: 

• New phenomena such as the extent and 
properties ot hcla-dclaycd neutron emission from 
nucici 

• Validity of statistical theories of nuclear fis
sion. 

• Statistical vs structural influence on beta-
decay-strength functions at high excitation energies. 

• Consequences ot large neutron-Io-prolon 
ratios on nuclear properties such a.s shell structure, 
collective excitations, and coexistence of spherical 
vs deformed shapes. 

•> Search for dynamical symmetries in nuclei. 
We have adopted a large-basis shell-model code 

that has been successful in describing nuclei that 
range f om the light closed-shell nuclei to those in 
the / = ."0. .\ = S2 region ? After testing gross 
nuclear properties, we have compared in detail the 
code's predictions against our results on the energy 
level properties of " : T e . l " T e . 1 M T e . and | ( ? X e . 
As an example, in l-'ig. 6. we compare our 
calculational and experimental results for ' " 4Te 
levels las populated by the decay of 10-s "Sb) . 
r-'rom these results we have discovered an unsuspec
ted influence on the level properties of this closed-
shell nucleus. Calculations with only the valence 
nucleons beyond shell closure fail to replicate the 

transition rates ot the unclear level decays Only by 
allowing the unsuspected influence o\ ihe closed-
shell core nueieons were we able lo account ioi the 
experimental results, " Our measured value of the 
( ' ; • ( ' ; versus d'- .4'| transition rales was more 
than an order oi magnitude different from [IK- value 
predicted without the influence of the core 
nucleons. 

CONCLUSION 
We are continuing to improve our chemical isola

tion techniques and spectroscopic analysis of short
lived fission products. The observable hall-lives of 
our original system have already been improved 
from 45 s lo 2 s. With our new four-stage centrifuge 
system, currently under construction, we expect lo 
further reduce the measurable isotope hall lives to 
under vine second. 
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ENERGY TECHNOLOGY 

Mirror Fusion Reactors 
We have carried out conceptual design studies of 

fusion reactors based on the three current mirror-
confinement concepts: the standard mirror, the tan
dem mirror, and the field-reversed mirror. Recent 
studies of the standard mirror have emphasized its 
potential as a fusion-fission hybrid reactor, designed 
to produce fuel for fission reactors. We have designed 
a large commercial hybrid and a small pilot-plant 
hybrid based on standard mirror confinement. Tan
dem mirror designs include a commercial 1000-MWe 
fusion power plant and a nearer term tandem mirror 
hybrid. Field-reversed mirror designs include a mul-
ticell commercial reactor producing 75 MWe and a 
single-cell pilot plant. 

To become a practical energy source, nuclear fu
sion must pass beyond the present research phase to 
scientific, engineering, and economic feasibility. 
Predicting the future course of fusion feasibility is 
risky, but the potential of fusion power is great. Ul
timately, it promises low radioactivity and an inex
haustible fuel supply. In the nearer term, fusion 
neutrons can be used to breed tritium and fissile 
fuel. This fissile fuel can then be used to generate 
orders-of-magnitude more energy than from fusion 
alone by being burned in a Fission reactor. We have 
developed a number of near- and long-term alter
natives for tapping fusion power with reactors 

Contact Gustav A. Carlson 1422-67281 forfurther information an 
this article. 

based on three magnetic mirror-confinement con
cepts being studied now. This article describes these 
concepts and their potential reactor applications. 

MIRROR FUSION DEVELOPMENT 
Figure 1 depicts the evolution of mirror fusion 

concepts as seen by researchers at LLL. The early 
simple mirror proved to be an unstable plasma con
tainer and was replaced by the minimum-B mirror. 
From the center of a minimum-B magnetic 
field—produced either by a pair of solenoids and 
loffe bars, by a Baseball coil (shown in Fig. I), or by 
a yin-yang coil—field strength increases in all direc
tions and ensures gross (MHD) stability for the 
plasma. We have come to call the minimum-B con
figuration a standard mirror. Until 1976, this mirror 
concept was essentially the only one under study at 
LLL. Baseball II (now decommissioned), 2XIIB 
(active), and the Mirror Fusion Test Facility 
(MFTF, presently under construction) are standard 
mirror experiments. 

It is now clear, however, that end losses from a 
standard mirror severely limit its plasma Q (fusion 
power divided by trapped injected power). The 
search for enhanced-^ mirror machines has thus led 
to work on two new concepts: the tandem mirror 
and the field-reversed mirror. 

By tandem mirror confinement, we mean three 
mirror cells on a common axis: two standard mirror 
cells are placed at either end of a series of cylindrical 
coils that make up a solenoid (Fig. 1). Each end cell 
provides a minimum-B magnetic field. Confinement 
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Fig . 1 . k.olution of mirror fusion concepts. The early simple mirror was subject to \1HI> instability and was replaced hy the 
minimum-/^ mirror. now called the standard mirror. In such a mirror machine, the magnetic field strength increases in all directions 
from the machine's geometric center, pnniding MH1) stability fur the plasma. Howen*.-, end losses limit the plasma (> I ratio of fusion 
power to injected power) of minimum-/J mirrors. Thus, two (.'-enhanced mirror configurations are now being investigated. In a field-
re.ersed mirror. plasms is confined in a toroidal region of closed field lines generated hy diamugnetic plasma currents in a nearly un
iform background Held. In a tandem mirror, a minimum-// mirror cell is placed a', each end of a solcnoidal cell. The electric potential of 
the two end-cell plasmas electrostatically confines the plasma in the solenoid. 

in the solenoidal cell is enhanced by means of elec
trostatic stoppering provided by the plasma poten
tial of the small end-plug plasmas. Our tandem 
mirror experiment, or TMX, is to be a proof-of-
principle demonstration of the tandem mirror con
cept. 

By field-reversed mirror confinement, we mean 
the confinement of plasma in a toroidal region of 
closed magnetic Held lines generated by diamagnetic 
plasma currents in a nearly uniform background 
field (Fig. I). So far. efforts to produce field reversal 
in the 2XIIB facility by neutral-beam injection have 
not succeeded, although they have come very close. 

Further experiments on this machine are planned. 
In addition, field reversal experiments will be con
ducted on TMX and MFTF. 

The principles of a mirror fusion reactor are 
shown in Fig. 2. The deuterium and tritium fuel 
ions (D + . T + ) a r e magnetically confined in the cen
ter of the reactor. Those that fuse produce energetic 
neutrons and alpha particles ( 4 He + + ) . Unaffected 
by the magnetic field, the neutrons enter the energy-
absorbing blanket. Neutron-lithium reactions in 
the blanket produce tritium makeup fuel for the 
reactor. The thermal energy deposited in the 
blanket is removed by the primary coolant (helium 
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Fig . 2 . Principles of a mirrur fusion reactor. Althciu^h this design suggests a tandem mirror rcuctor, the principles art' lilt* same fur 
nther mirror-confinement concepts. Deuterium and tritium fuel inns are confined in the center of the reactor tin a tandem reactor, the 
electrostatic stoppering of the end plasmas enhances this confinement I. fuel ions that fuse y ield neutrons and alpha particles I g l l e ' ' I. 
The neutrons enter the lithium blanket and react to produce tritium makeup fuel fur the reactor. The blanket's thermal energy produces 
steam, which, in turn, is used to produce electricity. The energy of charged particles that teak out the ends is recmered h\ direct energy 
converters. 

gas in Fig. 2). The coolant passes through a steam 
generator, and the steam produces electricity in 
turbine-generator units. Also shown in Fig. 2 is the 
end leakage of charged particles (unburned D + and 
T + as well as 4He + + ) . which occurs in all mirror 
reactors. The energy of this leakage can be 
recovered thermally or by direct energy converters, 
which decelerate the particles in an electric field and 
collect their charge on collector electrodes. ' 

MIRROR FUSION EXPERIMENTS 
Standard Mirror. The most important and suc

cessful mirror machine thus far has been the 2XIIB 
experiment. Typical machine and plasma 
parameters for 2XIIB are given in Table 1. For a 
reactor, plasma density in 2X1IB is adequate and 

ion temperature need only be- increased tenfold, 
which is possible by neutral-beam injection at 
higher energies. However, confinement time must 
increase a thousandfold and is therefore the main 
issue. 

The lifetime of ions (confinement time, r) has 
been shown to scale with energy (ion temperature) 
to the 3 2 power. Simply raising ion temperature by 
a factor of 10 thus increases r by 30. Another factor 
of 5 to 10 may result from raising the ratio of the 
mirror field to the central field and from consider
ing the favorable mass effects of tritium, the heating 
due to alphas, and the diminished cooling due to 
cold plasma and cold electrons from the ends. This 
leaves an additional factor of 3 to 6 in confinement 
time to reach reactor conditions. As will be seen 
later, possible candidates to supply this factor are 
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Table 1. Typical 2XIIB parameters. 

Machine parameters 
Neutral beam 

Voltage, kV 20 
Current, A 500 
Duration, ms 10 

Magnetic field 
Field strength S[',.|0 T 0.7 
Mirror ratio 2:1 
Mirror-mirror length L, cm ISO 

I'fasma parameters 
Density n, cm"3 1.5 > 
Ion energy W^ ktV 13 
Electron temperature, eV 140 
Beta* 1.7 
Field reversal parameter AB/B 0.7 
nr ( c m - 3 • s) 10" 

Plasma size 
Radius Rpl cm 
Length Lp, cm 
Volume, Hires 

6 Radius Rpl cm 
Length Lp, cm 
Volume, Hires 

16 
Radius Rpl cm 
Length Lp, cm 
Volume, Hires 3.2 
Vacuum gyro radius a,-, cm 3.5 
V°i 1.7 
Lhi 43 

10»« 

'Ratio of plasma pressure to the pressure of the con
fining magnetic field. 

the tandem mirror reactor and the field-reversed 
reactor. 

Many problems have been solved in 2X11B, 
though many still remain. Gross motion of the 
plasma away from its equilibrium state (MHD in
stability) is completely suppressed even at 
remarkably high plasma pressures, where the 
plasma pressure averaged over the radial dimension 
is over 50% of the magnetic field pressure. 
Microturbulence due to the nonthermal ion energy 
distribution inherent in ni'rror machines has been 
largely suppressed by injecting relatively cold 
plasma along the open field lines to occupy the 
space outside the mirror confinement region. While 
this streaming plasma has suppressed microtur
bulence. however, it has also created another 
problem. The cold streaming plasma, which touches 
both the hot plasma and the end walls, requires 
po*er to sustain itself and cools the hot plasma it 
touches. This problem, called end-wall or electron 
"hernial heat conduction, is now being studied. 

Another solved problem is startup: creating and 
then building the density and temperature of a 
plasma to the desired steady-state conditions. Start
up has been thoroughly demonstrated in 2X1 IB. 
We have also shown that impurities are not a 
problem experimentally because of the strong 
positive plasma electric potential that pushes out 
any impurity ion trying to enter. Also, the mirror 
plasma in 2X1IB is quite tolerant of the rather high 
gas pressure—1.3 mPa (~IO~5Torr)—surrounding 
the hot plasma. 

The success of 2X1 IB has led to a scaled-up ex
periment called the Mirror Fusion Test Fucility 
(MFTF).2 It is about two times larger than 2XIIB 
in linear dimensions and its field, produced by 
superconducting magnets, is three times higher. The 
injection energy is scaled up to 80 keV from 20 keV. 
injection power will be raised lo 60 MW from 
8 MW, and neutral-beam time is 500 ms vs 10 ms. 
Besides scaling nr with energy (nr <* T}'2). the 
radius of the plasma measured in ion gyroradii (as 
well as in centimetres) will be scaled up to 10 from 2 
(30 cm from 7 cm). This radius scaling will test 
theoretical predictions that the important 
microinstability, called the drift-cyclotron-loss-cone 
mode, will become less vigorous as the radial den
sity gradient is decreased. 

Tandem Mirror, The electrical potential that 
naturally occurs in a standard mirror plasma can be 
used to confine plasma electrostatically in a 
solenoidal magnetic field by locating a mirror cell at 
each end. This concept looks so promising that a 
number of experiments, like our TMX,3 are being 
built to test it. The important advance embodied in 
this concept is a higher Q. It appears that Q can be 5 
to 10, whereas the standard mirror has a Q of only 1 
lo 2. The concept's simple geometry, allowing 
modularity, is also noteworthy. 

Tandem mirror experiments will address a num
ber of problems. For example, gross stability is not 
guaranteed, because the solenoid is slightly unstable 
and is coupled to the stable end-plug magnetic wells 
with a transition magnetic field that is unstable by 
itself. The impurity problem could lead to pulsed 
operation to purge impurities, including the alpha 
particles resulting from D-T fusion. The 
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theoretically predicted electrical potential profile 
must also be verified. 

Field-Reversed Mirror. The 2X1IB machine con
ta ins so much p lasma pressure that its 
diamagnetism comes very close to reducing the 0.7-
T (7-kG) field to zero. With a factor-of-2 more con
finement, the field would be reversed, which means 
the field lines would close on themselves. In princi
ple, then, the lossy, open-lined standard mirror can 
become much less lossy, since losses would only oc
cur across the field lines. The desired configuration 
is shown in Fig. I. Such field-reversed stales have 
routinely been attained with energetic electrons at 
Cornell University. The theta pinch at Los Alamos 
Laboratory has also achieved a field-reversed state 
composed of warm (100-eV) ions and lasting for 50 
microseconds. 

The field-reversed mirror reactor concept is based 
on field reversal sustained in steady state by 
energetic neutral-beam injection. The virtues of 

such a configuration are a high £)(~5)and small 
size. The problems are how to create such a state 
and. once created, whether it will be stable and have 
a low enough loss rate. 

STANDARD MIRROR REACTORS 
Previous studies * have shown that the standard 

mirror, as a fusion power reactor, would produce 
very expensive electricity. This is primarily because 
of the inherently low plasma Q of optimized reactor 
designs. (Q can be raised, for example, by depress
ing the central magnetic field strength and thus in
creasing the mirror ratio, but this decreases the fu
sion power density and shifts the design off-
optimum, i.e., increases the cost of electricity still 
further.) More recent studies ^ have shown, 
however, that the standard mirror in large sizes 
could be a fusion-fission hybrid reactor, breeding 
makeup fuel for fission reactors. 

Commercial Hybrid. Figure 3 shows a standard 

Fig. 3 . h'usion-fission hjbrid reactor based «n 
the standard mirror. A >in-yane. coil set l l.l-m 
mirror-l(>-mirr«r length t creates an 8.5-'1' magnetic 
field, the prestresscd concrete reactor vessel 
I1'CRV l houses the magnet, blanket, and primar> 
lieat-trunsfer loop. The plasma is heated and 
sustained h> neutral beams. 



mirror hybrid using a yin-yang coil set with a 
mirror-to-mirror length of 13 m and a maximum 
magnetic field strength of 8.5 T (permitting the use 
o( niobium-titanium superconductors). With a Q of 
0.64, this optimized commercial reactor produces 
fiOO MWe of net electric power and 2000 kg/yr of 
Plutonium, enough to provide makeup fuel for 
light-water reactors producing 6000 MWeof power. 
The estimated cost of electricity from this hybrid 
,ind its associated fission reactors is 30mills/kWh, 
amortizing capital investment over a 30-year 
lifetime, Similar costs are obtained for this same 
hybrid design if the Th- - 3 5 U cycle is used. By com
parison, electricity from fission reactors being built 
today will cost about 25 mills/kWh. 

The injector design for the hybrid reactor is based 
on the Lawrence Berkeley Laboratory's positive-ion 
injector. The reactor requires deuterium injectors 
with acceleration to 125 keV and tritium to 
187 keV. The total injected power is 625 MW. 

The blanket of the hybrid reactor contains U jSi. a 
metallic alloy being used in fission reactors. Our 
reasons for this choice are its high uranium density, 
ease of fabrication, and comparatively high burnup 
capability (for a metallic fuel). Economic optimiza
tion of the fuel cycle for this reactor dictates a total 
fuel exposure of about 5 MW-yr/m - of 14-MeV 
neutron energy through the First wall. Table 2 lists 
the initial (beginning-of-life) and final (end-of-life) 
neutronic parameters of the U 3Si blanket. 

Our mechanical design approach is to mount the 

Table 2. Time-dependent U 3Si blanket neutronic 
parameters. 

Initial Fiiul 

Exposure, MW-yr/m2 0 0 

Blanket energy multiplicition 8.8 18.4 

Plutonium atoms produced/neutron 1.85 1.75 

P&cent heavy metal converted 

to plutonium 0 2.3 

Percent heavy metal fissioned 0 0.75 

Tritium atoms produced/neutron 1.05 ' 1.42 

magnet, blanket, and primary heat-transfer loop all 
within a prestressed concrete reactor vessel (PCRV). 
like those developed for gas-cooled fission reactors. 
In the center of the vessel are the magnet and 
blanket: the steam generators and helium cir
culators are located around the periphery. The 
blanket is a spherical shell inside the magnet. In this 
way, the blanket and its cooling system are locked 
together so that no relative motion between them 
can occur, precluding the possibility of rupturing 
any of the coolant ducts. The reactor vessel also 
provides the main restraining forces for the magnet. 

The blanket design concept avoids any major dis
assembly of the reactor during the blanket change 
operation by relying on remote assembly and dis
assembly of the blanket inside the reactor vessel. 
The blanket is made up of about 600 small, cylin
drical modules, approximately 50 cm in diameter, 
with the blanket structure being suspended directly 
from the vessel's inside wall, as shown in Fig. 4. A 
refueling machine removes and replaces the blanket 
modules. It consists of a post that is inserted down 
through the center of the reactor and that has a 
pivoting arm to operate on the modules. 

The local blanket multiplication and, therefore, 
local blanket power density increases by a factor of 
2 over the life of the fuel (see Table 2). To limit the 
peak-to-average variation in the total blanket ther
mal power to about 10?o (3600 MW average, 
4000 MW peak), we have grouped the blanket 
modules into four quadrants. At intervals of one-
quarter of the blanket life, the reactor is shut down 
and one quadrant of the blanket is refurbished with 
new fuel assemblies. In this way we will establish an 
equilibrium fuel cycle in which the four quadrants 
are each at a different exposure. The primary heat 
transfer and power conversion loop capacity are 
designed to accommodate the 10% power variation. 

Pilot Plant Hybrid. Reducing the physical size of 
the commercial hybrid degrades its performance 
because of reduced Q and decreased blanket 
coverage. We have, therefore, designed a small, 
pilot-plant hybrid as a net power producer. That is, 
the power generated by a fission reactor using the 
bred fissile fuel exceeds the hybrid's electrical power 
input. 
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Helium i 
Blanket module-

Helium ex i t -

Fig. 4. Cutaway of the blanket and shield for a standard-
mirror fusion~fission hybrid reactor. The blanket, suspen
ded from the inside wall of the prestressed concrete reactor 
vessel, consists of some 600 cylindrical modules. Every 
quarter of the blanket life, a refueling machine removes and 
replaces the modules in one quadrant of the blanket. 

Solenoidal magnets and four Ioffe bars create the 
minimum-fl magnetic well (Fig. 5). Because of the 
reduced constrwiion at the mirror throat, we were 
able to design a smaller reactor with this magnet 
than with the spherical yin-yang magnet. The 
mirror-to-mirror length is 5 m, the inside radius of 
the soienoidal magnets is 1.4 m, and the radius to 
the outside of the loffe bars is 2.5 m. The central 
magnetic field strength is 2 T, the mirror field is 4 T, 

- loffe bar 

-Solenoidal magnets -
Fig. 5. Magnet for a small, pilot-plant hybrid reactor 

based on the standard mirror. The reactor would be a net 
product producer—i.e., the power generated by its 
associated fission reactor using l". - bred fissile fuel would 
exceed the electrical power input to the hybrid. 

and the maximum field at the conductor is 8 T, 
allowing the use of niobium-titani'm superconduc
tor (as in MFTF and the commercial hybrid). 

The neutral-beam injection energies are 50 keV 
(D) and 75 keV (T). The predicted plasma 
parameters are a plasma radius of 34 cm. a Q of 
0.18. and a fusion power of 3.7 MW. The peak first-
wall neutron loading is 0.24 MW/m 2 . 

The predicted performance of this hybrid pilot 
plant with a U 3Si blanket is given in Table 3. Note 
that the reactor meets its net power production 
criterion with no recovery of the plasma end 
leakage. 

FIELD-REVERSED MIRROR REACTORS 
We have developed a plasma model for the field-

reversed mirror based on very limited experimental 
and theoretical knowledge. Basic to our model is the 
assumption that a stable field-reversed plasma can 
be sustained by injection of a neutral-beam current 
sufficient to balance the particle loss rate. We 
assume a long, fat toroidal plasma. We also assume 
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Table 4. Field-reversed mirror reactor parameters. 

Performance 
Net power, MWc 75 
Fusion power, MW 220 
Plasma Q 5.5 
Average neutron wall loading, MW»m"2 1.7 
Recirculating power fraction 0.46 
Plant efficiency 0.29 

Physics parameters 
Injected current into each cell, A IB 

at 200 keV 
Beta* 1.5 
Plasma minor radius, m 0.07 
Plums major, radius, m 0.14 
Plasma length, m 1,0 
Peak plasma density, c m - 3 6.5 X 1 0 1 4 

Technology parametets 
B V A O t 4.1 
Injection energy, keV 200 
First wall radius, r,i 0.73 
Cell length, m 2.0 
Number of cells 11 

Table 3. Power balance in MWe for the standard 
mirror hybrid pilot plant. 

Output 
Hybrid electric power 8.7 
Equivalent electric power produced 

from plutonium (18.0 kg/yr) 57.9 
Gross electric output power 66.6 

Input 
Injector powera -34.7 
Net electric power" 31.9 

"Hybrid and fission reactors. 

thai the particle confinement, lime is proportional to 
the ion-ion scattering lime and that the size of the 
field-reversed plasma, measured in terms of minor 
radius divided by ion gyroradius. is limited by 
stability to about 5. As a result ol'this latter assump
tion, the field-reversed plasma layers are predicted 
to be quite small, usually producing tens of 
megawatts of fusion power. 

For a commercial power reactor, we have 
proposed a multicell arrangement wherein a series 
of field-reversed plasma layers are arranged along 
the axis of a long superconducting solenoid that 
provides the background magnetic field. We have 
optimized the parameters of such a reactor based on 
the coupling of our plasma model to an analytic 
model of a field-reversed mirror reactor cell 
(blanket, shield, and magnet coils), on a power 
balance analysis, and on a cost estimate. The design 
calls for an I i—cell reactor producing 75 MWe net 
electric power. Reactor parameters are listed in 
Table 4; one cell of the reactor is shown in Fig. 6. 

One of the complications of a multicell, field-
reversed mirror is that the attractive force between 
two adjacent plasma toroids (due lo their field-
reversal currents) must be resisted by an axial 
magnetic well in each cell. We propose to produce 
these axial wells by placing a circular mirror coil 
between every two cells at the first-wall radius. The 
mirror coils are resistive copper coils. 

We anticipate that stability of the field-reversed 
mirror plasma may require a radial magnetic well in 
each cell. We propose to produce these radial wells 

"Ratio of plasma pressure to the pressure of the con
fining magnetic field. 

with a set of four loffe bars passing axially through 
the reactor. These coils are also made of copper and 
placed at the first wall. 

We have designed a single-cell version of the 
above reactor as a fusion pilot plant. For this single-
cell reactor, which closely resembles the cell shown 
in Fig. 6, the magnet consists of a pair of large 
superconducting solenoids and a set of copper lofl'e 
bars placed at a radius of 60 cm. (In this design, the 
solenoids will create the axial well, and thus no 
mirror coils will be needed.) The blanket and shield 
are between the loffe bars and the solenoids. The 
vacuum magnetic field strength at the center of the 
cell is 4.1 T. The maximum magnetic field strength 
at the conductor is 7.5 T. within the capability of 
niobium-titanium superconductor. The resistive 
loss in the loffe bars is 3.3 MW. In addition, 
neutron attenuation by the loffe bars causes an ad
ditional heat deposition in the copper equal to 
1.9 MW. 

The fusion power of this single-cell reactor is 
20 MW. Taking the blanket energy multiplication 
to be 1.2 and the thermal conversion efficiency to be 
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r Blanket Shield-

\ 
-Solenoid \ Solenoid-, 

Fig. 6. One cell from ouf field-reversed mirror reactor. 
the design calls Tor 11 field-reversed plasma layers 
arranged along the axis of » superconducting solenoid 
sustained by lu-ulnil-bum injection. Copper mirror coils on 
both ends of each toroidal plasma produce axial magnetic 
nclls to resist the attractive force between adjacent plasmas. 
A set of four copper lol'fe bars, placed at the first wall, 
produces radial wells to enhance the plasma's stability. The 
magnet for our single-cell field-reversed mirror reactor is 
the same except that the two mirror coils are not needed. 

0.35 and including the effect of neutron attenuation 
in the loffe bars, we calculate the gross electric 
power from the blanket to be 5.9 MW. Another 
5.2 MW comes from the end-leakage direct conver
ters (including thermal conversion of their rejected 
heat). The neutral-beam injectors (efficiency 0.7) re
quire 5.3 MW input power, and the power require
ment of the loffe bars is 3.3 M W. Thus, the net elec
tric power for this pilot plant is 2.5 MWe. 

TANDEM MIRROR REACTORS 
Typical parameters for our tandem mirror reac

tor are given in Table 5: the reactor design is shown 

in l-'ig. 7. The reactor concept came out of an inten
sive search for a O-enhanced mirror reactor. Its 
striking features are a high Q (~ 5> a n d t n e s i m " 
filicily of the basic cylindrical geometry, which 
allows modular construction of the first wall, 
blanket, and magnet. 

The end-plug plasmas are maintained by the eon-
linuous injection of 200 MW of 1.2-MeV D ° into 
each plug. The superconducting magnet to hold the 
high-density, high-energy plasma must produce a 
magnetic well with a central Held strength of I7T. 
The plasma that leaks out of both the plug and 
iolenoidal regions is magnetically guided into the 
end expander tanks, where direct conversion by a 
set of grids resembling a triode vacuum tube is ac
complished. 

We have identified two problems with this design: 
|l) the feasibility ofa neutral-beam injector that will 
run continuously, reliably, and efficiently at 
1.2 MeV. and (2) the means for keeping the concen-

Table 5. Tandem mirror reactor parameters. 

Performance 
Net power, MWe 1000 
Fusion power, MW 2500 
Flasmi Q 4.8 
Neutron wall loading, MW»m"2 2 
Recirculating power fraction 0.43 
Plant efficiency 0.34 

Fhysics parameters 
Trapped current into each plug, 

A at 1.2 MeV 220 
Hug beta* 1.0 
Plug plasma radius, m 0.48 
Plug particle nr, s*cm~3 2.5 X 1 0 1 4 

Central-cell fueling current (cold), A 1100 
Central-cell beta 0.7 
Central-cell plasma radius, m 1.2 
Central-cell plasma density, c m - 3 8.6 X 1 0 1 4 

Central cell particle nr, S'cnT3 7.7 X 1 0 ' 4 

Technology parameters 
«»S *VAO T 16.5 
H ° 8 Bmirron T 17.6 
Central cell ByAC, T 2.4 
Plug injection energy, MeV 1.2 
First-wall radius, m 1.6 
Central cell length, m 100 

aRatio of plasma pressure to the pressure of the con
fining magnetic field. 

39 



Fig . 7 . (ore of our tandem mirror reactor. The central cell is 100m 
long: the first-wall radius in 1.6 m. Continuous neutral-beam injection 
maintains the ena plug plasmas. Plasma leakage from the end cells and 
solenoid is guided magnetically into end expander tanks containing direct 
converters. Advantage!, of this reactor design include a high (31 ~5) and 
modular construction of the first wall, blanket, and solenoid magnet. 

Expander tank 

-Central cell module 
-Beam injector 

tralion of alpha particles low. since these particles 
can prevent steady-slate burn. An improved magnet 
and shield for the end plugs is required. Likewise, 
means for getting higher Q's and for coping with 
recirculation power more efficiently and cheaply are 
needed. 

Crlicial physics data, which may strongly affect 
the reactor design, are also needed. The power re
quired to maintain a stable plasma in the plug cell is 
a critical factor. Another crucial issue is the sup
pression of electron thermal heal conduction to the 
end walls. The grids of the direct energy converter 
are predicted to handle this suppression. Gross 
stability of the solenoidal plasma by the plug 
plasmas must also be verified. 

The use of the tandem mirror concept for the 
production of fissile material ( 2 3 3 U or 2 3 9Pu) 
results in design parameters that are much less 
demanding than those for the direct production of 
electricity. For such a fusion-fission hybrid reactor, 
the two-component operating mode is used. That is, 
tritium at low energy is electrostatically confined in 
the solenoid, and deuterium at 100-200 keV is injec

ted into tht tritium plasma. Some of the deuterium 
ions fuse while slowing down. Because the tritium is 
relatively cold, a greater leak rate than for the tan
dem mirror reactor occurs, providing a greater 
streaming plasma in the end plugs, which will 
enhance stability. The lower electron temperatures 
result in lower potential plugging barriers, which 
greatly alleviate the end plugs' tendency to confine 
alpha particles. 

CONCLUSIONS 
Both the tandem and the field-reversed mirror ap

pear promising as fusion power reactors because 
their Q values are five or more times higher than for 
the standard mirror. Both mirrors also hold the 
promise of making relatively simple reactors. In 
fusion-fission hybrid configurations, this simplicity 
implies much nearer term applications. Of course, 
many physics and technology questions remain to 
be answered before mirror fusion reactors become a 
reality. Current and future experiment;; at LLL—on 
2XI1B, TMX, and MFTF—are addressing these 
questions. 
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