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The CO : cycle, as it is now understood, 

cannot account for the total amount of carbon 
released over the earth. What is more, the portion 
unaccounted for appears to be growing as a result 
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repository for this "missing" carbon, and precise 
measurements of the exchange of CO; gas 
between the ocean's surface and the atmosphere 
may lead to important revisions in the prevailing 
concept of the C 0 2 cycle. Our cover design 
suggests the COi-besring wind eddies that we 
have sampled over the arctic region and 
Caribbean Sea. For more information on these 
measurements, see p. 1. 
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Brief " 
Fusion Experiments Analysis Facility Completed 

Tracking the Global Carbon Cycle 1 
We have developed a new sensor for rapid airborne measurements of 
carbon dioxide exchange rates in regions as diverse as the tropics and the 
arctic. These measurements are helping us unravel the details of the global 
carbon cycle. 

Magnetic Compressors: High-Power Pulse Sources 11 
Continuing developments are enabling us to design extremely reliable, 
high-current pulse compressors capable of generating continuous, 50-ns, 
250-kV pulses at increasingly higher repetition rates exceeding 1 kHz. 

Evolution of the Magnetic Configuration for the MFTF-B 20 
Two recent developments in the tandem-mirror concept of magnetic 
confinement fusion—thermal barriers and axisymmetric mirror cells—have 
greatly improved the outlook for future tandem-mirror reactors. These 
advances will be realized in our Mirror Fusion Test Facility (MFTF-B), now 
under construction. 
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Brief 

NOWLINK 

Fusion Experiments 
Analysis Facility 
Completed 

In the Laboratory's laser fusion 
program, intense laser beams are 
focused on a microscopic target filled 
with deuterium-tritium gas under high 
pressure. The incident laser radiation 
heats and implodes a target to 
compress and heat D-T fuel to 
conditions necessary for thermonuclear 
burn. The collection and timely analysis 
of experimental data are vital for 
evaluating the performance of 
individual targets and for designing 
future experiments. With the 
completion of our new $1,5 million 
Fusion Experiments Analysis Facility 
(FEAF), we can examine data minutes 
after any target-irradiation experiment, 

FEAF is an integrated computer 
system designed specifically to 
centralize the collection, analysis, and 
archiving of data obtained with the 
Laboratory's Novette and Nova laser 
facilities. The physical layout of FEAF 
is organized into three functional areas: 
a computer room, a user work area, 
and a document vault. The computer 
room houses the main computer 
hardware and all system storage 
devices. The work area is adjacent to 
the computer room and consists of a 
reception area, user work stations, and 
a hard-copy output area. A variety of 
devices, including computer terminals 
with screens, color monitors, an image 
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Fig. 1 
Basic architactura of tha FEAF computar 
hardware. Tha heart of tha ayatam la a 
VAX 11/780 computar with S.SMbyta of mam-
ory, 700 Mbyta of on-lina atoraga, a varlaty of 
output davlcaa, and ovar 30 ramola uaar termi
nal?. A one-way communication link anablaa di
rect data tranafar from tha unclaaalflad Novatta 
laser facility computar to tha claaalflad FEAF 
computar. Digitization of data by our Image digi
tizer ia controlled by a PDF 11/34 computar. 
After digitized data are collected, they are 
transferred to the \*\X for final image analyaia. 

digitizer, and a digitizing tablet, are 
available in the work area. 

With respect to computer hardware, 
the three major subsystems of FEAF 
(see Fig. 1) are the host computer, the 
image digitizer, and the one-way data 
communications link from Novette 
(and eventually from Nova), The 
facility is designed to allow work with 
both classified and unclassified 
information 24 hours a day. The host 
computer (VAX 11/780) supports time-
shared, batch, and real-time operations; 
time-share users interact with the 
system from CRT terminals located at 
10 work stations and in 22 staff offices. 

It is essential that users who handle 
target-shot data be provided with high-
resolution graphics, Therefore, we have 
installed computer terminals upgraded 
with 480- by 640-element hardware as 
our standard monochrome terminals. 
Color graphics are displayed on three 
S12- by 640-element color monitors that 
are attached to two display processors. 

A variety of input/output devices 
facilitates transfer of information 
between FEAF and other computer 
systems. Our current input/output 
devices include an 8-in„ double-density 
floppy-disk drive, a 10-Mbyte RL02 
disk drive, and two 9-track magnetic 
tape drives. Devices for direct data 
transfer between FEAF and other 
machines include the Wang Office 
Information System and the one-way 
communications link from Novette. The 
latter link is needed because the FEAF 
VAX is a secure system containing 
classified information, while the 
Novette VAX contains only unclassified 
data. The one-way link enforces 
unidirectional data transfer regardless 
of the applications software that resides 
at either end of the system. For this 
purpose, the LSI-11 computer is housed 
in the FEAF computer vault and runs a 
program stored in read-only memory. 
The LSI-11 computer acts as a third-
party message arbiter between the two 
VAX computers via optical-fiber cables 
and a communications protocol named 
NOVALINK. We developed file-
transport software that can transfer 
sequential, direct-access, and indexed 
files across the one-way link. 
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Additional security measures are 
based upon the Laboratory's security 
plan for automated data processing. 
After regular working hours, 
unattended terminals are disconnected 
from the computer by means of 
specially designed hardware 
disconnection units. A system operator 
can connect or disconnect all terminals 
by entering a preset number into a 
local keypad. Momentary contact 
switches permit individual users who 
access the computer vault after regular 
hours to connect and disconnect 
individual terminals. When a user 
requests output, a random number is 
returned to the terminal screen. The 
assigned number must then be entered 
into a keypad attached to a printer, 
thus ensuring that the user is present 
when output is generated. 

Two recently published reference 
guides are available for Laboratory 
personnel who work on our system. 
The FEAF User's Guide provides an 
overview of the computer system; the 
FEAF Operating Procedures manual 
explains policies, procedures, and user 
responsibilities. A variety of on-line 
libraries and inventories provides more 
detailed documentation of available 
hardware and software. 

Interaction between computer and 
user is controlled by an operating 
system called the Virtual Address 
Extension/Virtual Memory System, or 
smply VAX/VMS. The VAX/VMS 
supports batch and multiuser 
interactive operations, and it contains 
an excellent set of utility programs that 
facilitate program development and file 
management. We use a command line 
editor for editing the Digital Command 
Language and maintain several 
program development languages, 
including Fortran, Pascal, C, and Basic. 

We have made available two 
software packages for doing graphics-
related analysis of data. DISSPLA 
consists of graphics subroutines that 
can be called from Fortran, Pascal, or C 
and presents a high-level language 
interface to FEAF graphics hardware. 
TELLAGRAF is a conversational 
graphics system that understands 
English-like commands and features 

automatic scaling, layout, and 
annotation. 

For scientific programming, we 
maintain the RT-11 Scientific 
Subroutine package because it contains 
a cross section of commonly used 
mathematical and statistical routines. 
We use the International Mathematical 
and Statistical Library, written in 
Fortran, for both single- and double-
precision arithmetic. Finally, our data 
management strategies are based on 
the powerful ORACLE data base 
management system. DISSPLA, 
TELLAGRAF, and ORACLE are 
commercially available. 

Raw data acquired during a typical 
target experiment usually include 
images recorded on film from 
instruments such as spectrographs, 
streak cameras, or x-ray microscopes. A 
typical FEAF analysis code must access 
the raw data and transform the 
information, by means of the 
appropriate algorithms, into meaningful 
results. The user interacts with an 
applications code to manipulate and 
display those results. Figure 2 shows a 
sample colored image after it has been 
processed with an applications code 
from the FEAF computer system. 

For further information contact 
Richard A. Lerche (415) 422-5364. U 

Key Words: computer facility; Fusion 
Experiments Analysis Facility (FEAF); inertial 
confinement fusion (ICF); Nova; Novette. 

Fig. 2 
Computer*generated Imagi of an 
imploding laser-futlon target, a 
140-nm-diam microsphere fIliad with 
deuttrium-trlMum. Tht original photo
graph, taktn with an x-ray micro-
»copa, was scanned with an image 
digitizer and than procaatad with an 
application! cods to yield a colored 
image (red Indicates regions of maxi
mum x-ray emission, and blue indi
cates the absence of x-ray emission). 
The three horizontal lines Intersecting 
the target represent the limits and the 
centrold of the Intensity llneout (the 
topmost curve) through the Image. 
This top curve shows relative intensity 
of x-r*y emission. Images like this one 
can be observed on-line and then per
manently recorded on 35-mm film with 
our color hard-copy unit. With FEAF, 
we can digitize film In about ten min
utes and then produce a colored im
age from the digitized data In only a 
few minutes. This process formerly 
took up to two weeks. 



Tracking the Global 
We have developed a new sensor for rapid 
airborne measurements of carbon dioxide 
exchange rates over large areas throughout the 
world. These measurements are providing new 
data on the sources and sinks in the global 
carbon cycle. 

For further information contact 
Gail E. Bingham or Joseph H. Shinn 
(415) 422-6806. 

Although the broad outlines of the 
carbon cycle are well known, there is 
still much to be learned about the 
process. The value of this knowledge 
becomes apparent when one considers 
that researchers have observed a rise, 
over the past century,' in atmospheric 
carbon dioxide (C02) that could in time 
lead to significant changes in climate.2 

Since chimneys and exhaust pipes 
continue to vent their wastes in ever 
larger volumes, understanding the 
details of the carbon cycle may be even 
more important in the future. 

It would be useful to be able to 
make meaningful calculations of the 
global carbon cycle. To do this, we 
need to measure and understand the 
exchange of C0 2 between the 
atmosphere and the ocean, since the 
deep ocean is the only sink capable of 
continued assimilation of the large 
amount of carbon emitted into the air 
each year.3 

To make such measurements, we 
have developed a fast-response C0 2 

sensor designed for use on long-range 
weather research aircraft. Our sensor 
makes it possible to take direct 
measurements of C0 2 exchange over 
large areas in remote places such as the 
arctic and equatorial oceans, which are 
of particular importance in global C0 2 

calculations. 

Although much of the information 
we have so far obtained must be 
considered preliminary, the 
performance of the sensor to date is 
impressive. The data obtained clearly 
demonstrate the eibility of the system io 
measure all of the aerial parameters 
related to C0 2 exchange and also 
indicate that, under certain conditions, 
the absorption of C0 2 by the ocean can 
be much more rapid than had been 
thought possible. 

Until now, only indirect methods 
have been used to infer carbon 
exchange coefficients for the world's 
oceans. These methods include 
laboratory experiments,4 measurements 
of the static distribution of bomb-
created carbon-14,5 analogies based on 
measurements of radon escape,6,7 and 
measurements of C0 2 transfer made in 
small chambers (usually of less than 
1 m2) floating on the surface of the 
ocean.8"9 With our new sensor, we can 
provide direct measurements, which we 
believe are much more reliable. 

Most models of C0 2 absorption by 
the global ocean use an exchange 
coefficient E (expressed as grams of 
radon transferred per square metre per 
second) calculated from measurements 
of the rate at which radon gas escapes 
from the ocean's surface. (Radon is a 
convenient standard because it is 



Carbon 
always present and because, being 
radioactive, it is readily detectable.) 
The rate at which radon escapes is 
measured by determining the profile of 
dissolved radon gas in the upper few 
hundred meters of the ocean, a difficult 
and expensive procedure, The C0 2 

fluxes estimated by this method tend to 
be small and have failed to show the 
correlation with environmental factors, 
such as wind speed, that theory predicts. 

Since most calculations of the global 
carbon cycle depend on these 
estimates, it is important to validate 
them with direct measurements, 
especially for areas significant to global 
C0 2 calculations. One such region lies 
between Norway and Greenland, 
where the cold surface water can 
become dense enough to sink directly 
to the oc'an bottom, carrying its 
burden of CO; with it and rapidly 
exposing fresh sea water capable of 
absorbing more C0 2. Another is the 
equatorial belt where elimination by 
the tropical forests and upwelling in 
the equatorial oceans are believed to 
return a large amount of absorbed 
C0 2 to the atmosphere. Better 
understanding of the relationship 
between environmental parameters and 
C0 2 fluxes in these regions should 
make our predictions of future global 
C0 2 trends much more reliable. 

Measuring COz Exchange 
at a Remote Surface 

The two ways of measuring the 
exchange of gases at a remote surface 
are called the aerodynamic (gradient) 
method and the eddy-covariance 
method. Aerodynamic methods (which 
are based on mean vertical 
concentration profiles) have been 
applied to measure tluxes in the ocean, 
but they are impractical for global 
estimates"1'" because they need a 
stable, fixed platform, and can sample 
only a "limited area at a time. 

Cycle 
The eddy-covariance method has 

several advantages and requires fewer 
assumptions. It has already been used 
very successfully for measuring fluxes 
of heat and water vapor. The open-cell 
sensors we have recently developed 
(for use on towers and long-range, 
high-performance aircraft) are 
sufficiently stable, reliable, fast, 
and accurate to allow regular, 
long-term eddy-covariance 
studies of C0 2 fluxes. 

Basic Mechanisms of 
Turbulent Flux 

The transfer of matter and energy 
between a surface and the atmosphere 
is driven by the temperature and 
concentration differences between 
them. For a thin layer at the surface 
(less than about 0.5 mm), transfer is by 
molecular diffusion. Above that, 
however, convection becomes the 
dominant transfer mechanism. In the 
boundary layer close to the earth's 
surface (typically from 10 to 150 m in 
depth), mixing and the exchange of 
gases is essentially by turbulent 
transfer. Since this layer normally 
contains no sources or sinks, fluxes 
through it are approximately constant 
with height. 

The air in the boundary layer (which 
forms continually and which carries the 
signature of the surface below) flows in 
many coexisting eddies of various sizes. 
Figure la is a schematic drawing of 
how some of these eddies might look if 
they were visible (in reality, the eddy 
pattern would be much more complex 
than the drawing shows). The loops of 
circulating air that form the eddies 
"roll" along the surface of the land or 
water with a centroid velocity 
equivalent to the mean wind speed. 
The descending portion of the eddy 
brings with it air from above, and the 
ascending air, having interacted with 
the surface, brings up surface air. 



This eddy pattern can be 
demonstrated by means of a sensor 
restricted to detect only vertical air 
motion. Such a sensor, moving 
horizontally through this system or 
stationed so the eddy system blows 
past it, will give readings alternately 
influenced by the surface and by the 
upper air. As Fig. lb illustrates, the 
sensor will register the vertical 
component of air movement most fully 
if it passes through the eddy's center. 

Figure 2, a one-minute section of 
actual data collected over the ocean, 
clearly shows these oscillations in 
readings for vertical wind velocity, 
water vapor density, and C0 2 densitv. 
By correlating fluctuations of the 
readings for C0 2, water vapor, or 
temperature with the corresponding 
vertical wind velocity, we can 
determine the fluxes of C0 2 , water 
vapor, and heat through the horizontal 
plane of the sensor. The faster the 
instruments respond to the samples, the 
more completely we can describe the 
flow field. 

The time average of all of the 
instantaneous products measured 
during the transect is the average flux 
for the region. Unlike the aerodynamic 
method of analysis, which requires 
accurate, absolute measurements to 
determine the difference in long-term 
average concentration with height 
above the surface, eddy-covariance 
analysis requires only relative 
measurements. It does, however, 
require a fast-response sensor that can 
accurately determine the relative 
differences between the ascending and 
descending flows. 

The height at which we make our 
measurements determines the area 
included in the flux determination. The 
depth of a given boundary layer is 
determined by the size of the eddies 
that constitute it. Therefore, the higher 
we fly (so as to pass through the 
centers of the larger eddies), the deeper 
the boundary layer for which we obtain 
readings. A boundary layer is in 
equilibrium with an extent of upwind 
surface about 100 to 500 times the 

(•) 

Fig. 1 
A simplified view of the turbutent ex
change process in the mixing layer be
tween the upper atmosphere end the 
earth's surface, (a) The boundary 
layer consists of numerous circular 
eddies of various sizes; small eddies 
may exist within larger ones, (b) As a 
sensor restricted to detect only the 
vertical component of air motion 
passes through an eddy, it will be af
fected alternately by descending up
per air and ascendlnq surface air. 
Simultaneous measurement* of com
position and physical properties, to
gether with the vertical components 
of the wind, enable us to compare sur
face and upper-air conditions and 
to infer exchange rates. MRMuiM*£$&!mJ&j^^ 
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aa detoctad by our airborna eddy-
covarianca cantor abova tha octan. 
Tha cyclical natura of tha boundary 
layar showa claarly. (Tha ahadad verti
cal banda rapraiant alternate upward 
and downward air movement.) Both 
watar vapor and CO, danalty Incraaae 
with each upward vertical wind gust 
(combined data In (d) and (a), respec-
tlvaly), Indicating that tha surface la a 
aource (or both. 
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layer's depth. As a result (within the 
turbulent boundary layer), increasing 
the sampling height increases the area 
averaged by the measurement. 

This effect of sensor height on 
sampled region is explained in Fig, 3. 
The height at which aircraft 
measurements are taken, combined 
with the movement of the aircraft, 
allows an airborne system to survey a 
large area in a single sample run. For 
example, an 8-min record taken 
crosswind at an altitude of 33 m 
determines the flux of an area about 
53 km long and 4 to 16 km wide, or 
about 500 km 2. 

Requirements for Eddy-
Covariance Sensors 

A sensor for measuring eddy 
covariance must be stable, sensitive, 
and (in comparison to previous sensors) 
fast-responding. These requirements are 
even more stringent when the sensor is 

to be airborne instead of mounted on a 
tower. Sensitivity becomes crucial 
because, as the height above the 
surface increases, dilution makes the 
concentration differences between 
rising and falling air currents hard to 
detect. (The minimum safe operating 
height for an aircraft is about 30 m.) 
Also, the sensor's response time must 
be faster than that of a stationary 
sensor since an aircraft flies through 
the eddy system much more quickly 
than the wind would blow past a 
tower. 

To meet these strict requirements, 
we built a radiometer that constantly 
compares infrared absorption at two 
wavebands, one (centered at 4.27 um) 
straddling a strong C 0 2 absorption 
band and one (at 3.85 /im) for reference. 
This choice of wavelengths almost 
perfectly balances the major 
atmospheric interferent normally 
encountered in C 0 2 meas j-ements, i.e., 



Fig. 3 
The effect of height on sensor perfor
mance requirements and on the area 
that can ba monitored from a tingle 
location. The higher the sensor (within 
the mixing layer), the larger the eddies 
measured end the wider the area of In
fluence included In the data. An eddy 
is in equilibrium with an extent of up
wind surface about 100 to 500 times 
the eddy's height. (The upwind direc
tion is to the left In the illustration.) 
Larger eddies allow the sensor to be 
slower, but concentration differences 
decrease with height, requiring a mora 
sensitive unit to achieve flux measure
ments of the same accuracy. 

water vapor, because water vapor 
affects both bands equally. 

Figure 4 is a diagram of our C0 2 

sensor. A set of curved mirrors and 
lenses permits the diverging beam of 
infrared light from a constant-
temperature heat source (800°C) to 
bounce back and forth as many as 12 
times, providing up to l.S m of 
absorption path within the 12.5-cm-
high cell,12 although for CO, flux 
measurements we use only four 
traversals. After leaving the sample 
cell, the beam passes through a 
chopper/filter wheel and a lens that 
focuses it on the detector, which is 
chilled to -35°C. 

The heat source is a miniature cavity 
resonator surrounded by a low-density 
ceramic insulator and further insulated 
by a quartz-glass, inverted Dewar flask. 
The detector is a photosensitive, lead 
selenide, 1-mm2 resistor modified so its 
field of view is limited to that of the 
entrance lens. The source and the 
detector, even though they are less 
than 50 mm apart, must both be held at 

rigidly controlled but very different 
temperatures. We provided a heat-
exchange system that uses flowing 
water at ambient temperature to isolate 
one from the other and to prevent hot 
spots that could distort the internal 
optical bench, shift the filter 
transmission, and cause electronic drift. 

COz Sensor Calibration 
One of the m?jor problems in this 

development was the difficulty of 
controlling temperature, pressure, and 
CO, in a calibration chamber more 
accurately than the sensor could 
measure. We finally settled on two 
methods. The first, a type of calibration 
usually done in a laboratory, uses dry 
calibration gases of known C0 2 

concentrations that can be applied 
under a wide range of si?tic ambient 
conditions; it is useful for determining 
probable sensor response under most 
operational conditions. The second is 
an in situ calibration for use in flight. 

For the first type of calibration, we 
slip a cylindrical hood over the sensor 
and fill it with dry ah having a known 
C0 2 concentration. When conditions 
have stabilized, we measure the 
..mperature and pressure in the 
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calibration hood so that we can 
calculate C0 2 density and determine its 
relationship :o sensor output. (In 
calculating the C0 2 density, we correct 
for the effects of water vapor, whose 
density is measured independently.) 
Although the sensor could be pulled 
inside the aircraft for the first sort of 
calibration at any time, this would use 
up valuable flight time and permit 
differences in temperature, pressure, 
and flow to change sensor response. 
The in sifH calibration scheme avoids 
these complications. 

For the ill silu calibration, we carry a 
second infrared gas analyzer that can 
be calibrated by means of standard 
gases without interrupting the flux 
measurements. During the first portion 
of the flux measurement run, the 
internal analyzer determines the C0 2 

concentration of air drawn from outside 
the aircraft. During the last portion of 
the run, the analzer is switched from 
the external air sample to standard 
gases having known C0 2 concentration 
This gives us a "vay to determine, 

regularly and reliably to better than 
±0.1 ppm, the mean C0 2 concentration 
(typically 350 ppm) of the air through 
which we are flying. By simultaneously 
measuring the pressure, temperature, 
and water vapor of the air around the 
aircraft with other sensors, we can 
determine the mean C0 2 density at that 
altitude. Since changing pressure alters 
the in situ C0 2 density, a few minutes 
of level flight at two or three different 
altitudes provides an accurate 
determination of the sensor's in silu 
response. 

The Aircraft and Its 
Research Instruments 

Our C0 2 sensor has now flown in 
several missions as a component of the 
gust-probe system on two highly 
versatile and efficient, weather-research 
aircraft owned by the National Oceanic 
and Atmospheric Administration 
(NOAA). These planes are capable of 

Sagmantad 
narrowband 

paaa Wtar 

IR datactor 

Motor 

-kwulatad m tourca 

-EMctric cooling 

-Circulating watar 

Fig. 4 
Tha aartsor for maaauring C 0 2 flux 
corrafaraa tha concantratton of CO a , 
tamparatura, praature, and humidity 
with addlaa moving upward and down
ward ovar a land or saa aurfaca. Tha 
undiaturbad alratraam movaa through 
tha sanaor'a opan, muitfpath absorp
tion call. 
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Fig. 5 
Data-gathering instruments on the 
weather-research aircraft, (a) The gust 
probe, which extends in front of the 
plane to avoid artificial turbulence, 
measures air temperature, water va
por, and fine-scaln turbulenco. The 
small vane on the bottom of the probe 
senses ascending and descending air 
currents, (b) Our C 0 2 sensor, mounted 
on its own pylon, allows air to flow 
through it. The signals from the oust 
probe and the C 0 2 sensor are com
bined, along with data on water vapor 
and temperature, to calculate C 0 2 

flux. (c)Vlew of the whole aircraft, 
showing location of the instruments. 

meeting the most stringent 
experimental and operational 
requirements under severe storm and 
arctic weather conditions. The aircraft 
have a range of about 5600 km (3000 
nautical miles) and can carry up to 18 
crew members and scientists. 

The research instruments on these 
aircraft include Doppler and imaging 
radars, automatic cameras, and 
radiation, aerosol, and cloud-physics 
probes, An inertial navigation system 
provides data on aircraft motion, 
information from all aircraft sensors is 
collected at 40 samples per second by 
,i redundant data-acquisition system. 

During normal operations the 
backup data-acquisition computer 
provides real-time calculations and 
graphics information on dual TV 
screens at each crewman's station. 
Processed data are stored on a disk in a 
history file that can accommodate up to 
18 hours of recording, allowing 
investigators to compare observations 
from previous flight patterns and even 
previous days with current information. 
Screen plots, meteorological data, and 
mean data are available, in printed 
form, at the end of the flight. 

The gust sensors used in eddy-
covariance measurements of flux are 

(O 7®. 

"^RBB^ .t*'. 
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located on a vibration-damped 
aluminum probe extending 3 m in front 
of the aircraft (Fig. 5a), which places 
them out of the turbulence caused by 
the plane itself. Strain gauges attached 
to small vanes near the tip of the probe 
measure vertical and horizontal 
turbulence. Dual, matched, fast-
response thermistor bridges measure 
temperatures, and a microwave 
refractometer mounted just behind the 
vane system measures high-frequency 
humidity fluctuations. Gust-probe and 
inertial-platform data for flux 
calculations are digitized at 80 Hz 
and recorded on magnetic tape for 
post-flight analysis. 

Because our 0 0 2 sensor is too heavy 
for the gust-probe boom, it has its own 
pylon near the front of the aircraft 
(Fig. 5b) that places it outside the 
aircraft boundary layer in essentially 
undisturbed air. In addition to the 
cavity that surrounds the C0 2 sensor, 
the pylon contains a fast-response 
temperature sensor and a high-
frequency, static-pressure probe. This 
information, also recorded at 80 Hz, is 
used to correct for cavity-induced 
density variations. 

At the end of the experiments, we 
analyze the recorded weather and 
mean CO, data to determine final CO, 
sensor calibrations and mean CO, 
concentration profiles. NOAA's 
Environmental Research Laboratory in 
Boulder, Colorado, analyzes the data 
collected by the high-frequency gust 
probe to develop the turbulence 
information. Both sets of data are then 
combined to determine the C0 2 flux 
and other atmospheric parameters. 
Over the arctic ice pack, the C0 2 flux-
measuring system has demonstrated 
the capability of measuring CO, 
fluxes of less than 1.5 x 10~7g/m2-s. 
A preliminary error analysis 
indicates that the system should 
be able to measure CO, fluxes as small 
as5X 10- 8g/m 2.s. 

Experimental Results 
We have tested our C02-flux-

measuring system during NOAA-
sponsored weather-research missions 
over arctic and equatorial oceans. The 

At the end of the experiments, we 
analyze the recorded weather and mean 
COa data to determine final C0 2 sensor 
calibrations and mean COz concentration 
profiles. 
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Fig. 6 
Tha location and aaa-aurfaca slala for 
aach of a aarlaa of flux maaturamanta 
mada ovar a larga araa of opan watar 
(polynya) south of SI. Lawranca laland 
in tha Baring Saa, ovar tha lea pack 
south of tha polynya, and ovar tha lea 
adga and opan watar of tha Baring 
Saa, ai wall aa savaral araaa of intar-
madlata lea covar. Maan air tampan, 
tura for tha day waa -18'C, with a 
strong northarly wind varying batwaan 
15 and 20m/s. 

initial results, preliminary though they 
may be, were quite startling. The flux 
of C0 2 from equatorial waters was 
much larger than we expected, and the 
values for downward C0 2 flux 
observed over open arctic water near 
the ice edge were many times those 
predicted by the earlier, radon-based 
methods. If these data are confirmed by 
future studies, new mechanisms for gas 
exchange between the ocean and 
atmosphere must be developed to 
explain these high fluxes. 

Arctic Measurements 
Figure 6 shows the track of our 

measurement runs over the ice and 

- FHght (~\ Ragion of rapaatad tracks 
tracks ^ at diffarant altltudea 

- Approxlmata boundaries 
batwasn tc* typas 

water in the vicinity of St. Lawrence 
Island in the Bering Sea. Strong winds 
from the north drag the ice pack away 
from the island shore, creating a large 
polynya (an area of open water). The 
temperature difference between the 
water in the polynya and the frigid air 
often exceeds 30°C. 

Where the winter winds sweep over 
the polynya and the ice edge, the fluxes 
of water vapor and sensible heat are 
gigantic. The rapid cooling and freezing 
set up a natural convective flow in the 
water that mixes well below the surface 
and creates a slushy scum of "grease 
ice" on the surface. 

This area is also of great interest for 
COj exchange studies because of the 
wide variety of novel conditions it 
presents. Cold water absorbs much 
more C0 2 than warm water, and the 
rapid turnover brought about by the 
convective flow in the polynya should 
induce a localized high rate of C0 2 

absorption. Furthermore, although the 
ice sheet greatly restricts the exchange 
of heat and water vapor from the 
ocean, the annual ice zone makes an 
imperfect barrier. Microchannels in the 
ice make it rather permeable to air 
exchange, and the sheet is filled with 
leads and fissures. 

The region between St. Lawrence 
Island and the ice edge near 
St. Matthew Island presents a 
continually varying ice cover, ranging 
from solid ice to open water. The 
region is quite small, considering the 
range and speed of the aircraft, making 
it possible to collect data over the 
whole area in a short time, 
Consequently, we can compare gas-
exchange rates among regions with 
different ice cover, but with the same 
atmospheric variables. Ice ridges make 
the surface aerodynamically rough, 
greatly increasing the wind-drag 
coefficient and turbulent heat and gas 
transfer from the surface. 

Figure 7 shows the measured heat, 
water vapor, and C0 2 fluxes from 
regions of different ice cover. The 
fluxes are plotted against AT, the 
difference between the temperatures of 
the air and the sea surface. (The 
average sea surface temperature was 
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calculated from measurements made 
with a downward-looking infrared 
radiometer.) The winds during our 
measurements approached 18 m/s with 
an average temperature of —18°C, 
which is about the same as the 
maximum AT, since the open-water 
temperature is near 0°C. The solid ice 
sheet was considerably cooler, resulting 
in a AT near -8°C. Regions of mixed 
ice and water had intermediate mean 
AT values. 

The measurements were remarkably 
consistent and had relatively small 
scatter for points taken over widely 
differing ice covers. Over open water, 
the sensible heat and water-vapor 
fluxes are large, but not unreasonable. 
The downward C0 2 flux, on the other 
hand, is enormous, 

Equatorial Measurements 
In an extension of this program, and 

in cooperation with researchers from 
NOAA, the Department of Energy, and 
the National Science Foundation, we 
made the first direct comparisons 
between the eddy-covariance flux 
measurements and the radon-based 
flux estimates. We compared data 
collected in the Caribbean and the 
equatorial Atlantic regions. At the same 
time we were maWng our data-
gathering flights, researchers on an 
NSF-funded research ship measured 
radon profiles and differences in CO, 
concentrations across the interface of 
ocean and atmosphere. These 
simultaneous measurements provided 
data on all of the parameters needed 
for theoretical calculations of the C0 2 

flux. 
The data from this comparison are 

now being analyzed. A preliminary 
estimate has been made, from data 
collected on only one day of this 
experiment, of the vertical flux 
distributions for heat, water vapor, and 
C0 2 . These data, taken directly east of 
Barbados, show that the depth of the 
mixing layer (region of constant C0 2 

flux) is more than 200 m. 
The heat and water-vapor profiles 

show the same slope with height as 
other researchers have observed in 
tropical marine boundary layers. The 

discrepancies between our eddy-
covariance measurements and the 
radon-predicted values for C0 2 flux at 
the surface in the Atlantic are similar 
to those observed by previous 
investigators 1 3 using tower-based 
systems but are not as large as those 
we observed in the arctic (cf. Fig. 7). 
Although these data suggest various 
interesting concepts, additional 
measurements and comparisons 
will be required to verify our initial 
observations. 

(a) 

<•» 

(c) 

Fig. 7 
Flux data collactad al 8B m during tha 
arctic flight shown In Fig. e, plottad 
against tha maan tamparaturs dlffar-
anca batwaan tha air and tha aurfaca, 
which provldaa a good Indication of 
tha amount of axposad watar Immadl-
ataly balow tha aircraft. Tha data 
show raraarkably small scattar about 
tha mr.jn. Larga emounta of haat and 
watar vapor wara balng t.-ansfsrrad to 
tha cold dry air from tha watar, and 
tha avarago amount of COa boing 
absorbad ovor lha polynya waa many 
timas that pradictad by radon-basad 
sstiniatas and about what ona would 
axpac* ovar a forast. 

AT, 
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Conclusion 
These early data form the basis of a 

continuing research effort to determine 
the adequacy of existing gas-exchange 
theory in describing that portion of the 
global carbon cycle associated with the 
oceans. The validation and explanation 
of these new results, along with the 
development of more accurate 
exchange coefficients, will greatly 
increase our ability to predict future 
changes in the mean global COj 
concentration. The resulting confidence 
in our predictive capability should help 
in making the hard choices among 
competing energy sources that will face 
national leaders in the years to come. J 

Key Words: airborne atmospheric measurement; 
carbon cycle; carbon dioxide (CO*); eddy 
covariancc; infrared absorption; radon 
concentration profile. 
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Magnetic Compressors: 
High-Power Pulse Sources 
We are anticipating future needs beyond the 
capabilities of the spark-gap switches we 
developed for the Advanced Test Accelerator 
(ATA). We are continuing our efforts on 
magnetic pulse compressors that use nonlinear 
magnetic components and have designed 
reliable, high-current pulse compressors capable 
of generating continuous, 50-ns, 250-kV pulses 
at repetition rates exceeding 1 kHz. The use of 
new circuit designs and metallic glasses in these 
compressors will help us produce pulses with 
even higher repetition rates. 

The Laboratory's Advanced Test 
Accelerator (ATA),1 funded by the 
Defense Advanced Research Projects 
Agency, is a 50-MeV, 10-kA induction 
linear accelerator. The pulse of its 
output electron beam lasts up to 50 ns 
and can be repeated once a millisecond 
for up to ten pulses. This ten-pulse 
burst can be repeated ever)' two 
seconds, giving the machine an average 
repetition rate of five pulses per 
second. 

This performance, which makes the 
ATA unique among pulse power 
machines, came as the result of 
research on a novel, coaxial, gas-blown 
spark gap. The ATA contains modular, 
250-kV induction-accelerator cells, each 
driven by a single pulse power unit. 
Each unit consists of a resonant 
transformer (1:10 step-up), a water-
filled Blumlein pulse-forming line 
(PFL) for energy storage, and the 

aforementioned spark gap to discharge 
the PFL into the accelerator cell. 

The initial commutation in the chain 
is performed by six fast-recovery, glass-
envelope thvratrons, four ODerating in 
the forward and two in the reverse 
direction. These tubular thyratrons, 
specially made for high-peak-power, 
low-duty-factor applications, transfer 
energy held in intermediate storage 
through the 1:10 transformer and into 
the PFL. The transfer is completed in 
20 *<s, and the tubes recover their 
ability to hold voltage in another 20 (is. 

A hiatus of 1 ms or more between 
pulses is necessary so the discharge 
products can be blown out of the spark 
gap. In theory, higher repetition rates 
could have been achieved by increasing 
the velocity of the gas that blows 
them out. Any significant increase is 
impractical, however, since the power 
required from the blower scales as the 

For further information contact 
Daniel L. Bint (415) 422-7091. 
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Fig. 1 
A comparison of the pulse powar re
quirements of various accelerators. 
Radio-frequency voltage and power at 
various locations In the pulse-forming 
network (a) in the Stanford Linear 
Accelerator, (6) in the ATA induction 
linear accelerator, and (c) In a com
parable nonlinear magnetic drive. 

dc supply 

cube of the repetition rate, and it is 
already at 11.2 kW per gap for 1-kHz 
operation. 

Figure 1, which schematically 
compares the pulse power requirements 
for the ATA and the Stanford Linear 
Accelerator (SLAC), suggests part of the 
reason why we needed to use spark 
gaps in the ATA. Although the pulse 

energy supplied to a SLAC radio-
frequency accelerator section is 
essentially the same as that supplied to 
an ATA induction cell, the power level 
to the ATA is about a hundred times 
larger because the pulse is so much 
shorter. 

The energy compression supplied by 
the spark gap (switch S 2 in Fig. lb) 
supplies this powjr gain, A spark-gap 
switch consists of a coaxial anode and 
cathode with a trigger electrode 
between. The switch, which is filled 
with gas at high pressure, closes on 
command when the trigger electrode is 
pulsed, causing a breakdown arc within 
the gas, which then conducts current. 
The combination of a 250-kV operating 
voltage and a requirement for a current 
rise of 1 TA/xs (or 101B A/s) forced us 

(c) 
dc supply 

LAL 
t , 70 ns 

t 2 70 ns i S p s 
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to use the crude but effective high-
pressure spark-gap technology. 
However, such technology is not 
adequate to achieve high repetition 
rates for future applications. It appears 
to be a rule of nature that the designed 
repetition rate will never be high 
enough; experimenters will always find 
reasons for wanting to go higher. 

Research into alternative switching 
schemes began almost before the first 
spark gaps went into use. At first, we 
tried to develop a high-power version 
of the thyiatron (switch S, in Fig. lb). 
A thyratron is a triode (similar in 
design to a vacuum tube) filled with 
deuterium at low pressure, It operates 
as a closing switch, ionizing the 
deuterium, when the grid (one of the 
three electrodes) is pulsed. Such a 

-~t#b-<HB 
250 kV, 20 kA 

10 
acctlvrator 

nil 

1 mi 

> 250 

J! 

5*it 

5/ts 

J^ 
5/it 

low-pressure gas switch certainly 
seemed to embody the technology most 
likely to meet our requirements. 

This work provided us with 
invaluable insights into the physics of 
low-pressure gas switches. It also 
demonstrated that such a switch, while 
possible in concept, is impractical. 
Because of its size and expense, it 
would have been only a slight 
improvement over several hundred 
conventional thyratrons operating in a 
series-parallel configuration, 

This realization would have come as 
a disappointment if we had not, on the 
way to developing the super ,'hyratron, 
discovered something much better. We 
had been experimenting with saturable 
inductors to ease the rise-time 
requirements on our low-pressure 
switches (an idea gleaned from reports 
dating back to the 1950s), and they 
turned out to be far more effective than 
we had expected. We found that we 
could reduce the voltage and rise-time 
requirements enough to eliminate the 
need for a high-power switch. This 
idea, schematically depicted in Fig. ]c, 
made it possible to stay with 
conventional thyratrons. 

Magnetic Pulse 
Compression 

The basic circuit for magnetic pulse 
compression is essentially the same as 
originally conceived in the 1950s. The 
fundamental principle involved is to 
use the large changes in permeability 
exhibited by saturating ferri-
(ferro-)magnetic materials to produce 
large changes in impedance. Figure 2a 
shows the permeability changes in a 
representative saturable magnetic 
material, and Fig. 2b illustrates the 
standard technique for capitalizing on 
this behavior. First, a repetitive power 
source (using existing technology) 
generates the initial pulse. As this pulse 
propagates through the network, it goes 
through several states of compression 
until it achieves the desired output 
shape. 

By using multiple stages as shown, it 
is possible to achieve a much larger 
effective change in impedance than can 
be obtained from a single stage. In fact, 



the effective change in impedance is 
limited only by the physical layout and 
materials properties. Figure 2c illustrates 
the results of the compression process. 

The operation of this circuit can be 
described as follows. Capacitor Q 
charges through inductance LQ until 
inductance L, saturates, becoming 
much less than Ln. Once this happens, 
C2 will begin to charge from C, 
through L, M t , but since L, M l is much 
less than L,„ C2 charges more rapidly 
than Ci did. This process continues 
through the successive stages until C„ 
discharges into the load through L„ M t , 

Fig. 2 <•) 
Diagrams outlining the oparatlon of 
magnetic pulse compraulon. (a) Tha 
hysteresis {B-HJ loop of a typical satu
rable magnetic material, (b) Simplified 
schematic of a magnetic pulse com
pressor. The elements marked Lt, L i ( 

and L n are nonlinear inductors, 
(c) Typical voltage waveforms associ
ated with a magnetic pulse 
compressor. 

Magnetic Induction, 
B 

To make this process efficient, we 
design each of these sue- essive stages 
so that saturation occurs at the peak of 
the voltage waveform. Segment 1 to 2 
in the hysteresis loop of Fig. 2a is the 
active or high-permeability region 
during which the inductor impedes 
current flow; the leveling off of the 
curve at point 2, reached at the peak of 
the voltage waveform, indicates core / 
saturation when ths inductor achieves a' 
low impedance. During segment 2 to 4(' 
the core is reset to its original state, / 
ready for the next cycle. / 

The research and development effort 
that followed this discovery produced 
several primitive pulse power units 
based on magnetic compression. Even 
these early efforts proved to be such an 
improvement over the spark-gap 
switches that a few of them were 
installed in critical areas of the ETA 
and ATA, and all are still in operation. 

Because pulse compressors are 
passive devices, their operation requires 
an initial pulse, which we usually 
obtain by discharging an intermediate 
storage capacitor through one or more 
thyratrons. Figure 3 outlines various 
methods of achieving high repetition 
rates with this general arrangement. 
Most of our pulsers operate in the 
simple command resonant charge 
mode, and the time required to 
recharge the intermediate storage 
capacitor combined with thyratron 
recovery times limits operation to about 
15 kHz. 

Aside from creating the ability to 
operate at increased repetition rates, 
the installation of magnetic pulse 
compressors appeared warranted on 
the basis of reliability and low 
maintenance. The benefits to the 
experimental program were also 
considerable. 

The ATA Upgrade 
Prototype 

Since October 1980, when we first 
began to work with magnetic switches, 
we have completed installation and 
final testing of a prototype magnetic 
switch package to replace the spark 
gaps in the ATA power units. The 
challenge was not to prove that a 
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magnetic switch would do the job but 
rather to produce a unit that would fit 
the existing space, use as much of the 
existing equipment as possible, and be 
as inexpensive and reliable as possible. 

The problem was further 
complicated by a desire for a peak 
repetition rate exceeding several 
kilohertz and an average repetition rate 
of at least 100 Hz. We also wanted the 
ability to operate at 1 kHz for up to one 
minute in every ten to enable us to use 
the ATA for high-power, free-electron-
laser experiments. 

Figure 4 compares the two systems 
for driving ATA cells, the original one 
(containing a resonant transformer, a 
gas-blown spark gap, and a Blumlein 
line) and the new pulse compressor 
based on nonlinear magnetic elements. 
The latter is relatively inexpensive, and 
its performance surpasses that of any 
other system. Table 1 partially 
documents the capabilities 
demonstrated by this prototype. 

Figure 5 compares the physical 
dimensions of the two systems. The 
existing pulse power unit is somewhat 
shorter than the new magnetic 
replacement, but it drives only one cell 
instead of two. The new unit consists 
of an input step-up transformer, one 
stage of compression to charge the 
transmission line, a second stage of 
compression, and the output coupling 
transformer. The output transformer 
can be housed as part of the magnetic 
pulse generator or as part of the load 
for best impedance matching. 

Adding coupling transformers at 
both the input and the output of the 
magnetic pulse compressor improves 
the system's versatility by permitting it 
to achieve the desired output pulse 
while allowing the compression stages 
and the input switching device to 
operate at their most efficient values of 
voltage and current. 

At this point in the evolution of the 
pulse-shaping hardware, we can design 
the transformer turns and the interstage 
capacitors as integral parts of the 
system. The resulting magnetic 
compressor is simple and extremely 
reliable, and it satisfies all the required 
performance specifications. 
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Table 1 Comparison of output pulse parameters of the current spark-gap driver of the 
Advanced Test Accelerator and the MAG-1 prototype of an upgraded magnetic compression 
system. 

Magnetic 
Parameter Spark gap compression 

Peak output power, GW 2.5 10 
Pulse rise lime (10%-90%> per cell, ns 18 15 
Pulse length (FWHM), ns 70 80 
Pulse energy,J 350 800 
Efficiency (including resonant transformer!, % 70 80 
Voltage (2-cell driver) at 18 kA/cell, kV 100 300 
Voltage (1-cell driver) at 25 kA/cell, kV 200 450 
Pulse-to-pulse jitter at up to 1 kHz, ns ± 1 ±0.5 
Peak burst rate (5 pulses), kHz 1 >10 
Peak average repetition rate 

at 10% duty factor, kHz 0.1 1 

A desire to double the individual 
accelerator-cell voltage, coupled with 
the difficulty of sending 500-kV puUes 
around the system, prompted us to 
adopt an alternate procedure. We send 
the output from the magnetic driver 
(about 170-kV peak) down to the 
accelerator cells via two 4-fi, semirigid, 
water-filled transmission lines. There, a 
pulso transformer provides a 3:1 voltage 
step-up and a ferrite pulse sharpener 
steepens the rise time. Figure 6 shows 
the physical layout and the two voltage 
waveforms. Saturation of the ferrite in 
the cell core further shortens the 
waveform of the cell voltage. These 
cells are now operated at 250 kV for 
50 ns and will probably need to be 
modified by having the ferrite core 
replaced with one wound from metallic 
glass, if operation at the full capability 
of the magnetic compressor (500 kV per 
cell) is desired. 

Metallic Glasses 
The most critical asp' of the 

magnetic pulse con resso , in terms of 
achieving both high efficiency and fast 
rise times, is the material in its final 
stages. The only material that satisfies 
all of the requirements for these final 
stages is one or another of the new 
ferromagnetic metallic glasses. 

In systems with low repetition rates, 
the overall power efficiency of the 
magnetic pulse compression stages is 

Fig. 6 
Initial tests of the MAG-1 (ATA up
grade prototype) driving a typical ATA 
call. The diagram Indicate* the points 
in the circuit at which the voltages 
were measured. 

Magnetic pulse 
compressor unit 
(MAG-1) 

MAG-1 output voftage 
100 ns/graph division 
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Cell voltage 
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Fig. 7 
SimDlified circuit diagram of the burst-
mode pulse generator designed to 
provide any desired repetition rate for 
a fixed number of pulses (in this case, 
eight). The numbers Indicate the order 
in which the capacitors are dis
charged. In this pulse generator, an 
example of the type Illustrated In 
Fig 3c, no switch recovery is required 
afler pulsing before the unit is pulsed 
again. 

Second 
First capacitor capacitor 

series series 

Fig. 8 

not critical. Even our original, 
unoptimized pulse compressors, which 
were built from nickel-iron and ferrite 
left over from previous projects, 
achieved efficiencies of more than 50%. 
Our most recently constructed magnetic 
compressors, which have metallic glass 
cores, achieve efficiencies greater than 
80%. In systems with high repetition 
rates, high efficiencies are necessary to 
reduce internal losses and heating, 
which affect the life of the components. 

The rebirth of the pulse coaipression 
technique as a highly reliable sourri< of 
pulses of very high power and high 
repetition rate is due in large part to 
this new amorphous material. Metallic 
glass offers all the necessary properties 

Output waveforms from • low-power 
test of the burst-mode puis* gensra-
lor, operating at a repetition rate of 
16 KHz (eight pulses in 500 ns). 100 ns/graph division 

of high saturation, high resistivity, and 
rapid transition from high to low 
permeability that make the magnetic 
compressor so attractive. Commercial 
availability of this material at about the 
time we needed it also made magnetic 
compression very practical. 

Metallic glass is a generic ! em- for 
metals that have been solidified >•> 
rapidly (about a million degrees ytr 
second) that they have no time to form 
the usual crystal structure. The process 
Is done commercially by directing a 
thin jet of the molten metal or alloy 
onto a chilled, rapidly rotating metal 
disk or cylinder. This automatically 
forms a ribbon of metallic glass about 
25 ium thick, which spins off at a very 
high rate. Most of the material we use 
in our magnetic compressors is iron-
based or an alloy of cobalt and iron 
that yields a higher saturation flux. 

For short pulses, the dominant factor 
contributing to core losses is the 
presence of eddy currents. These losses 
scale as the square of the core 
material's thickness and inversely as its 
resistivity. Amorphous metals have 
resistivities about three times higher 
than the same material in crystalline 
form and can be mass produced in 
ribbon less than 28 jim thick, making 
them ideal for generating fast pulses 
with high efficiency. 

Going to Higher 
Repetition Kates 

The type of magnetic pulse generator 
discussed so far consisted of a 
repetitive pulse source and several 
serial stages of pulse compression. Such 
a system can supply a burst with any 
number of pulses or can operate 
continuously. The burst rate, as already 
mentioned, is established by thyratron 
recovery times. If the requirement is for 
a fixed number of pulses in a burst, 
however, then a new scheme of pulse 
j,ineration becomes feasible. 

This scheme involves a number of 
parallel storage capacitors and switches 
that are fired in sequence at practically 
any repetition rate. The circuit for such 
a magnetic burst generator, in which 
portions of the eight forward pulses are 
used to reset the saturable inductors in 
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the circuit between pulses, is shown in 
Fig. 7. This eight-pulse burst generator 
is essentially a two-stage magnetic 
compressor with eight first stages and 
four second stages all feeding into one 
output load. 

The timing between the output 
pulses is simply determined by the time 
delay between triggering the successive 
SCRs (silicon controlled rectifiers, solid-
state devices analogous to thyratrons). 
The output capacitors consist of varying 
lengths of RG58 coaxial cable. The 
timing delays between the triggering of 
the SCRs was determined by cable 
lengths. Figure 8 shows the summed 
output pulse from a 60-ns length of 
cable, which crams an eight-pulse burst 
into a 500-ns interval for an effective 
repetition rate 'jf 16 MHz. 

Although this initial proof-of-
principle experiment was performed at 
low power, there is no apparent barrier 
to scaling it up indefinitely. Therefore, 
this technique of burst generation offers 
a way to build high-power pulse 
generators with essentially unlimited 
repetition rate. 

Conclusion 
An old technology (pulse 

compression) applied to a new 
magnetic material (metallic glass) is 
enabling us to develop a pulsed power 
system that is reliable and efficient 

and that can be adapted to drive 
accelerators with a wide range of 
performance specifications. By adding a 
high-peak-power switch to initiate the 
compression chain, we reduced the 
total number of stages and produced a 
simpler, more efficient magnetic pulse 
generator. This higher efficiency makes 
it possible to operate an induction 
accelerator continuously with extremely 
high average power. The former 
repetition rate limitation was imposed 
by thyratron recovery time and not by 
magnetic properties. We have also 
developed a new magnetic pulse 
generator, operating in bursts, that 
magnetically isolates the recovery time 
of the switching device, allowing 
practically unlimited repetition rates. 
In short, magnetic pulse compressors 
are ideally suited for driving low-
impedance induction accelerators with 
short pulses (70 ns), shoii rise time 
(15 ns), and high peak power (10 GW) 
at any desired repetition rate. U 

Key Words: amorphous magnetic material; 
Advanced Test Accelerator; (ATA); Experimental 
Test Accelerator; (ETA); magnetic pulse 
compression; metallic glass. 

Notes and.References 
1. For more information on the Advanced Test 

Accelerator, see the Decen-.ber 1981 Energy 
ami Tccliadogv Rrtiint' (UCRL-52000-82-12), 
p . l . 
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Evolution of the 
Magnetic Configuration 
for the MFTF-B 

The development of thermal barriers and 
axisymmetric mirror cells for tandem-mirror 
devices has markedly improved the expected 
performance and reduced the projected costs of 
proposed tandem-mirror reactors. These 
advances will be realized in our Mirror Fusion 
Test Facility (MFTF-B), now under construction. 

For further information contact 
Keith I. Thomassen (415) 422-1166. 

If we are to produce energy by 
magnetically harnessing nuclear fusion, 
we must clear two major hurdles. First, 
we must control the fundamental 
processes of fusion, and second, we 
must simplify the various reactor 
designs. This is true of both the 
toroidal approach to magnetic fusion, in 
which the main concepts are the 
tokarr.ak and stellarator, and the open-
ended approach, pursued here at LLNL 
with the tandem-mirror design. 

If we could generate fusion energy 
economically merely by containing the 
reacting plasma in a uniform magnetic 
field, we probably would have the idea! 
reactor. Such a device would embody 
the desirable features of simplicity, 
modest technology, and modular 
construction (for easy maintenance). 
Unfortunately, plasma cannot be 
contained in this simple magnetic 
geometry; it rapidly and freely streams 
out the ends. 

In the early days of LLNL's magnetic 
fusion research program, we proposed 
to plug these leaks by squeezing the 

flux lines together at each end with a 
high-field coil. The magnet geometry 
was still quite simple since all coils 
were circular. This magnetic "cork" was 
fairly effective on single particles 
because, as they approached the ends 
of the machine, their energy 
perpendicular to the magnetic field 
increased to conserve their magnetic 
moment. Hence, their parallel energy 
decreased, and they were reflected (or 
mirrored) by the strong field. However, 
with a mixture of particles, the axial 
leaks were only partially plugged, and 
the bulk of the plasma was driven 
by magnetohydrodynamic (MHD) 
fluctuations sideways to the walls of 
the chamber. 

The MHD problems essentially were 
solved with the invention of the 
"minimum-B" geometries produced by 
baseball or yin-yang magnets. (In a 
minimum-B geometry, the magnitude 
of the magnetic field increases radially 
and axially from the center of the 
mirror.) During the 1960s and 1970s, we 
concentrated on reducing plasma losses 
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from the ends of these single-cell, 
minimum-B devices. 

When it became clea» ! tot plasma 
containment in such cells would lead to 
only a marginal net energy gain in a 
reactor-sized mirror device, we turned 
our attention to the tandem mirror 
concept. This idea is something of a 
return to the early cylindrical plasma 
chambers but with the addition of 
minimum-B coils at each end to plug 
the leaks. However, unlike the earliest 
mirrors, the plugging action is 
electrostatic, not magnetic. In any 
mirror cell, minimum-B or 
axisymmetric, when the ions are 
magnetically trapped they leak out the 
ends less rapidly than do the electrons. 
So, a positive "ambipolar" potential 
develops that pulls the ions out and 
retards the electron flow until the two 
axial loss rates are equal. This 
ambipolar potential is the electrostatic 
plug for the ions in the central cell. 

The first version of the tandem 
mirror was conceived in 1976.1 In a 
reactor design based on this early 
concept, we found that the end 
regions would dominate the cost and 
complexity of the design, even though 
the end plugs are short compared to 
the size of the central cell. Ever since 
these early ideas were advanced, there 
has been a continuing effort to simplify 
the plugs. 

Figure 1 traces the evolution of the 
mirror concept of magnetic confinement 
fusion, showing five stages in the 
configuration of the magnets used in 
various experiments, The simple, 
solenoidal set of magnets with high-
field mirror coils at each end was used 
in our earliest experiments. The 
minimum-B single cells were used in 
the Baseball and 2XI1-B experiments, 
and the Tandem Mirror Experiment 
(TMX) was the first simple tandem 
mirror. The first major improvement in 

-&*®0>*** 

Fig. 1 
Evolution of the magnetic configura
tion for confining plasma* in magnetic 
mirror devices, (a) The cylindrical con
figuration, plug gad by magnetic mir
rors. (b)The •fngrt-cell, mfnlmum-B 
mirror produced by a coil shaped like 
the teams on a baseball, (c) The sim
ple tandem mirror with baseball coils 
for MHD anchors and electrostatic 
plugs, (d) The auxiliary cell (A-cell) ver
sion of a tandem mirror with thermal 
barriers, using yln-yang anchors and 
the A-cell electrostatic plug. (e)The 
axicell, a tandem-mirror machine with 
thermal barriers, using yin-yang cells 
for the anchor and plugs and axlcells 
to throttle the flow of central-cell 
plasma to the plugs. 

21 



Fig. 2 
The MFTF-B facility for our axlcall, 
tandem-mirror machine with thermal 
barriers. The artiit'e drawing shows 
the magnet set inside the vessel and 
the numerous canister-shaped 
housings from which beams are dl-
reeled into the plasma. These beam-
line housings contain multimegawatt 
ion sources; the ions sre neutralized 
by gas cells before they enter the 
magnetic fields In and around the 
plasma. Not visible are the megawatt-
level microwave and rf so":ces for 
ion- and electron-cyclotron resonsnee 
heating. The machine Is surrounded 
by a 2-m-thlck concrete vault to 
reduce radiation outside the vault. 

the tandem was embodied in the 
MFTF-B when construction began in 
1980 and is now being tested in the 
TMX Upgrade. That improvement, the 
use of "thermal barriers" to simplify 
the end plugs, was incorporated in the 
auxiliary magnetic mirror cells (A-cells) 
at each end of the magnet set. Finally, 
in 1982, a move toward greater 
axisymmetry in the magnets was made 
by changing the configuration (Fig. 2) 
to its current design, which uses 
axisymmetric mirror cells (axicells). The 
reasons for this change from the A-celi 
configuration and the benefits to be 
derived in the axicell configuration are 
described in the remainder of this 
article. 

Evolution of the Tandem 
Mirror 

The MFTF-B was reviewed and 
approved by the Department of Energy 
(DOE) in 1980. At that time, we were 
aware that the quadrupolar (non-
axisymmetric) fields generated by the 
yin-yang and transition magnets 
(see Fig. 1) would adversely affect 
performance, largely because the 
radial plasma loss induced by the 
quadrupolar fields could be greater 
than the radial plasma loss due to 
collisional transport in a solenoidal 
field. However, the quadrupolar fields 

Beem-Kne housings 

were necessary, since they would be 
used (in a magnetic mirror) to provide 
the minimum-B property required 
to stabilize the plasma. Plasma 
confinement based on the MHD 
stability afforded by minimum-B fields 
was a major success in early magnetic 
mirror research. 

A plasma can be stably confined 
even though regions of "good" and 
"bad" MHD stability exist in different 
parts of the machine. This variation in 
MHD stability is tolerable because 
tandem mirrors rely on the minimum-B 
diameter of portions of the magnetic 
configuration. For plasma to be 
contained, a plasma-pressure-weighted 
average of the field line curvature along 
the length of ihe machine must be 
favorable. "Goodness" is determined by 
the direction of field line curvature; 
if the lines are concave toward the 
machine axis, the curvature is good. An 
excellent illustration of this important 
technical point comes, by fortunate 
coincidence, from the fine arts: the 
creator of a sculpture in Atlanta's 
Peachtree Plaza has unwittingly nearly 
duplicated the ideal minimum-B field 
shape (Fig. 3). The inward bending of 
the rods in the sculpture, which are 
analagous to field lines, illustrates good 
inward curvature. We say the plasma in 
a tandem mirror is "anchored" by 
pressure in the good regions; hence, we 

TraneHfon colls 

*—Vacuum vessel 
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refer to the minimum-B cells as 
"anchors." 

In contrast to the minimum-B 
mirrors, simple mirrors made from 
circular coils have field lines that bulge 
outward (bad curvature). Since at least 
some region of good curvature is 
necessary for MHD stability, it is hard 
to stabilize a plasma in a purely 
axisymmetric tandem mirror. There are, 
however, ways around this difficulty.2 

Cusp-shaped magnetic fields could be 
used, for instance, since cusp fields 
have good curvature and can be made 
from axisymmetric coils; however, they 
leak plasma too rapidly along open 
field lines. Some progress has been 
made to resolve the problems of purely 
axisymmetric tandems, but at this 
time we do not know how to achieve 
sufficient stability or reduce plasma 
leakage to acceptable levels. 

To incorporate the desirable 
properties of axisymmetric fields 
(namely, engineering simplicity and 
reduced plasma losses) without losing 
the MHD stability properties of 

minimum-B fields, we devised the 
axiceil configuration to be used in the 
MFTF-B.3"5 This design, essentially 
an axisymmetric machine with a 
quadrupole, minimum-B magnet 
configuration at each end, is illustrated 
(along with an earlier A-cell version6) 
in Fig. 4. The axisymmetric portion has 
the usual solenoidal central cell with an 
axisymmetric mirror cell (axicell) added 
at each end. These axicells are used to 
reduce the axial flow of plasma to the 
end plugs; consequently, only a small 
fraction of the contained plasma even 
reaches the quadrupolar fields of the 
end plugs. The amount of plasma in 
this so-called passing fraction must not 
be too low (about 5%) or the entire 
plasma will be unstable—in this case, 
by trapped-particle instability modes, 
which would rapidly transport the bulk 
of the plasma to the walls of the 
machine.7 

If we keep this passing plasma 
fraction low (but not so low as to 
provoke instabilities), a number of 
advantages accrue. Radial transport and 

Fig. 3 
Mlnlmum-B magnetic configuration 
(a) Illustrated by a tculptura located In 
Peachtree Piiza, Atlanta, Gtorgli, and 
(b) produced by a baseball coll. The 
rods In the sculpture are analogous to 
the magnetic Held lines in a plasma 
flux surface. Note that all the rods 
curve Inward and that the radius of 
curvature vector Is essentially per
pendicular to the surface created by 
the rods themselves. 
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Fig. 4 
Magnetic configuration ot (a) the old 
A-ceil version of the MFTF-B and 
<b) the new axiceil version. End plugs 
are defined by the region where the 
electrostatic potential stops the ions 
from leaking out the ends ot the ma
chine. The anchors arm yin-yang 
magnets that stabilize the plasma by 
virtue of their minimum-B fields. The 
primary new features are tho axicells 
that reduce the end-plug plasma den
sity to about 5% of the central-cell 
density, simplifying the end region de
sign. Also, the new axlcell version has 
only 12 central-cell coils (because 
there were space limitations), 
whereas the A-cell version had 14. The 
yin-yang mirror cells are used to plug 
the ends and provide MHD stability. 
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loss are slowed because most of the 
plasma ions do not encounter the 
quadrupole fields at the ends. Also, the 
high density ratio between the central 
cell and end plugs is an especially 
advantageous feature (it will be 
explained in more detail below). This 
high density ratio is the reverse of that 
required in the standard tandem as it 
was first proposed and tested in the 
TMX.8 There, the end-plug density 
exceeded the central-cell density 
by nearly an order of magnitude, 
producing a confining potential equal 
to the electron temperature multiplied 
by the logarithm of that density 
ratio. Because of this density ratio 
requirement, the standard tandem idea 
did not extrapolate well to the reactor 
regime; to make the tandem mirror 
suitable for use in a future reactor, we 
devised the thermal barriers9 and 
incorporated them in both the A-cell 
and axiceil versions of the MFTF-B. 

Thermal barriers, located near each 
end of a tandem-mirror machine, are 
electrostatic barriers that separate the 
electrons in the center of the machine 

from the electrons in the end plugs. 
In a thermal barrier machine, the 
confining potential can be created by 
heating electrons in the end plugs with 
microwaves at cyclotron resonance 
(electron cyclotron resonance heating, 
or ECRH). The temperature difference 
thus created between the electrons in 
the plugs and those in the central 
cell, rather than a density difference, 
generates a potential difference, 
Figure 5 shows the potential profile of 
a typical thermal barrier at one end 
of a tandem machine. We also show 
the negative of this profile to more 
easily visualize the electrostatic wells 
that confine the two populations of 
electrons. 

The plasma density in the end 
region of a thermal barrier tandem is 
comparable to or a few times lower 
than the plasma density in the central 
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cell. This new density ratio afforded 
by the thermal barriers represents 
an important improvement in tandem 
machine design. Fusion power output 
is proportional to the square of the 
density in the central cell (times the 
central-cell volume), whereas the power 
required to sustain the plugs is roughly 
proportional to the square of the 
density in the plugs (times the plasma 
volume in the plugs). Therefore, we can 
improve the power gain in a reactor by 
reducing the plug density relative to 
the central-cell density. The attendant 
reduction of pressure in the plug 
(density times particle temperature) 
is also very important because that 
pressure is held by the magnetic field. 
If we can lower the plasma pressure, 
we can then reduce the magnetic field 
strength, leading in turn to much less 
stringent technology requirements. 

This argument also implies that, if 
the magnetic field in the yin-yang end 
plugs is as high as technology will 
allow, we can increase the plasma 
density in the central cell and, 
consequently, the fusion power output. 
(In practice, a proper compromise 
would be made.) Tests of the thermal 
barrier—the technique that makes the 
increase in density ratio possible—are 
now in progress with the TMX 
Upgrade.10 

In the axicell version of a tandem 
machine with thermal barriers, this 
density ratio is further increased over 
the value predicted for the former 
A-cell version of the MFTF-B, leading 
to yet another important feature 
(besides improved transport) of an 
axicell machine. Since fusion power 
density is greater if the plasma in the 
central cell is denser a tradeoff can be 
made between the plasma column 
diameter and the fusion power output. 
A smaller diameter permits the use of 
smaller magnets and points to a reactor 
that is economically more attractive. 
The size of the magnets is not critical in 
the central cell where the circular 
magnets are relatively inexpensive and 
simple to build, but size is very 
important in the end plugs where the 
yin-yang magnets are costly and 
complex. Recent designs of a tandem 

reactor based on OUT axicel! concepts 
call for yin-yang magnets only slightly 
larger than those in the MFTF-B and 
constructed with superconducting NbTi 
to meet the 8- to 9-T fields required at 
the conductor." At field strengths 
greater than 9 T, we will have to use 
superconducting Nb3Sn, a more 
expensive and brittle material that is 
particularly difficult to wind in the yin-
yang geometry. 

Details of the Axicell 
Concept 

Figure 6 shows schematically the 
axicell magnet configuration for the 
MFTF-B, as well as profiles of (a) the 
magnetic field, (b) the potential, and 
(c) the plasma density along the axis of 
the machine. Concentrating first on the 
axicells and the central cell in Fig. 6, we 
can see that the density reaches a peak 
in the axicell and then drops rapidly in 
the transition and end regions to values 
well below the central cell density. 
This is the density drop at the ends 

(a) 

Fig. 5 
Graphic representation of typical axial 
variation of electrostatic potential, <j>, 
in a machlno with thermal barriers 
(only ono end is shown), (a) Graph of 
positive potential, +«i, and (b) the 
negative of that potential, - * . In (a), 
the central-cell Ions (temperature Ttt) 
are confined In the axial "well" of 
depth '<>„' whereas ln(b) the central 
cell electrons (tempereture T„) are 
confined In the "wells" of depth i'v 
The local bump In (b) la an electro
static barrier that separates the ECRH-
heated electrons (temperature r,n) In 
the plug from those in the center; 
hence, It Is culled a thermal barrier. 
The barrier Is created and maintained 
with local ECRM heating to trap elec
trons magnetically and with the neu
tral beams used tor charge-exchange 
Ion pumping to prevent ion charge 
from raising this potential (lowering 
the barrier). 

Ion confinement r- Confining 
/ peak 
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mentioned earlier—one desirable 
property of the axicell design. There are 
two factors contributing to this density 
drop: the decrease in magnetic field 
from the 12-T peak to 0.3 T in the 
transition region, and the potential 
hump in the axicell that reflects some 
of the central-cell ions. 

The fifteen-fold drop in magnetic 
field strength allows the magnetic field 
lines to expand as they emerge from 
the axicell. As a result, the plasma 
spreads out, and its density is reduced 
to approximately one fifteenth what it 
was. The potential hump is created in 
the axicell by injection of neutral beams 
to increase the density locally. As we 
noted earlier, when the electron 
temperature is constant, the potential 

will vary logarithmically with density 
(the Boltzmann relation). Since there is 
no variation of electron temperature 
between the axicell region and the 
central cell, the density hump creates 
this potential hump. 

To sustain the density drop at the 
end region, we must keep the transition 
region free of ions that would clog the 
potential "hole" between the central-
cell potential and the peak confining 
potential. Most ions pass over the hole 
as they bounce from end to end, but 
some scatter locally and would 
eventually fill in this hole, raising the 
density, if they were not removed. To 
remove these trapped ions, we inject 
beams of neutral particles along the 
axis (or at a shallow angle) to provide 

Slothing 
beam 

Pump ^ / j 
beams *^^ <53 

OS c=3 
Microwaves 

o, 
icO 

Fig. 6 
Profiles of important parameters for 
the axicell thermal barrier machine 
with tile new MFTF magnet set: 
(a) magnetic field, (b) potential, and 
(c) density, shown in relation to the 
coils that produce the field. The con
fining potential is erected on the "side 
slope" of the yin-yang mirror cell, and 
the thermal barrier is created at the 
bottom of this well. A density bump In 
the axicell gives rise to a potential 
bump in the axicell and, together with 
the expanding (falling) magnetic field, 
produces a large density drop be
tween the central cell and the end re
gions. Beams and microwaves are 
shown on the left end only. An Identi
cal set, rotated 90° in most cases, 
feeds the corresponding regions on 
the right end. 
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the necessary pumping by charge 
exchange. (More efficient schemes 
using rf coils for pumping are being 
investigated; since the rf would 
enhance the radial drift of trapped ions 
from the region, this idea is called 
"drift pumping.") 

In the yin-yang end plug, a thermal 
barrier and confining potential are 
constructed in the usual way, i.e., with 
sloshing-ion beams12 and electron 
cyclotron resonance heating. The 
sloshing-ion distribution is set up by 
injecting ions into the mirror in 
such a way that they have velocity 
components that are both perpendicular 
and parallel (with respect to the 
magnetic field) at the midplane of the 
mirror cell. Thus, we achieve a double-
peaked density distribution (axially) 
with a minimum at the midplane, 
instead of the single-peaked density in 
the mirror, as it occurs with only 
perpendicular beam injection at the 
midplane. 

A double-peaked density distribution 
has a local minimum in potential at 
the midplane; this minimum is the 
beginning of a thermal barrier. Even 
without enhancing this dip in potential, 
low-energy ions are locally trapped, 
providing at least partial microstability 
to ion-cyclotron-frequency ins' MUty 
modes that have long plagued the 
mirror program. We achieved thi: 
important sloshing-ion distribution 
in recent experiments with the TMX 
Upgrade and observed a large 
improvement in microstability over that 
in the TMX.'3 

Completing the formation of the 
thermal barrier, we use ECRH to trap 
the electrons magnetically in the region 
around the mirror midplane, further 
lowering the potential and thereby 
creating a barrier. Since the potential 
forms in the first place because ions are 
magnetically trapped in the mirror and 
cannot escape as fast as electrons are 
lost axially, any process that prevents 
electrons from escaping locally will 
lower the potential locally and 
contribute to the thermal barrier. 

We also apply ECRH to the plug 
electrons beyond the midplane to 
further build the confining potential 

We achieved this important sloshing-ion 
distribution in recent experiments with 
the TMX Upgrade and observed a large 
improvement in microstability over that 
in the TMX. 
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peak. As Fig. 6c shows, the confining 
peak (actually, a potential well for 
electrons) is located on the side of a 
magnetic well, i.e., in a region with an 
axial gradient in the magnetic field. 
So, by giving perpendicular energy and 
magnetic moment to electrons by 
cyclotron resonance heating, we can 
produce an axial force equal to their 
magnetic moment (which is increasing) 
times the field gradient. When this axial 
force exceeds the electrostatic forces 
holding electrons in their local well, 
they are expelled from the well and 
become part of a sloshing-electron 
population contained in the entire 
mirror cell. As the local electron density 
tries to decrease, the local potential 
increases to maintain quasi-neutrality 
of Lharge. 

Tbe Crucial Transition 
Region 

The transition region between 
the yin-yang end plugs and the 
axisymmetric part of the machine 
(starting at the axicell) is particularly 
critical. Its importance has only 
recently been appreciated, and we have 
produced significant new ideas and 
designs for it that are expected to 
improve the overall performance of the 
machine.14 In constructing the MFTF-B 
axicell, we were not able to take full 
advantage of all of these new concepts 
because new and prohibitively costly 
yin-yang plugs would have been 
required. We are considering new yin-
yang magnets for future (1990s) 
upgrades of the MFTF-B," and our 
current tandem-mirror reactor designs 
do incorporate these new ideas. 

To appreciate the problems 
encountered in this transition region, 
one must understand the concept of 
geodesic curvature of magnetic field 
lines and the importance of this 
component of field curvature to the 
equilibrium, stability, and transport 
in a tandem-mirror device. Geodesic 
curvature (curvature parallel to the 
surface) is best explained by analogy to 
lines on the surface of a sphere. Each 
line has a vector radius of curvature 
with two possible components, one 

perpendicular or normal to the surface 
and the other parallel to the surface. A 
great circle (e.g., the equator) is a line 
of normal curvature on the surface of 
the earth; a line following, say, the 89° 
latitude circle near the north pole is a 
line with almost purely geodesic 
curvature. 

Magnetic field lines also have 
curvature that can be broken down into 
components perpendicular to a flux 
surface and components on the flux 
surface. In an axisymmetric mirror 
machine, because there is no azimuthal 
variation in the magnetic field, there is 
only normal field line curvature. In a 
free-standing minimum-B mirror, there 
is little or no geodesic curvature, either. 
(In Fig. 3a, we see that all the steel rods 
curve inward, and the radius of 
curvature vectors for the rods is 
essentially perpendicular to the surface 
defined by the rods themselves.) 

In the transition region, where the 
axisymmetric and quadrupole parts of 
the machine are joined together, the 
fan of plasma leaving the yin-yang 
magnets must be converted from an 
ellipse (in cross section) to a circle 
before it enters the throat of the axicell. 
fn this elliptical plasma region, there 
is a great deal of geodesic curvature. 
There is also a lot of normal curvature, 
which is not surprising, since Maxwell's 
equations do not allow divergence in 
the magnetic field; therefore, variations 
in these curvature components are 
linked together. 

In the former A-cell configuration of 
the MFTF-B, the field lines in the elliptical 
fan in the transition (see Fig. 1) have a 
lot of geodesic curvature, so ions passing 
through this transition region suffer a 
displacement off the flux surface. The 
magnitude of the displacement is given 
by an integral of the geodesic curvature 
through this region, and this step 
displacement determines the radial 
transport time in the experiment.16 This 
same integral is used to determine how 
badly the plasma column is distorted by 
axial quadrupole currents flowing from 
this region. If the equilibrium is distorted 
too badly, there are several deleterious 
effects on the plasma, so we have another 
reason to avoid the effects of curvature. 
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In the newer axicell design, however, 
we reduce the integral of the curvature 
to nearly zero by cancelling the 
contribution from one fan with one 
from a second fan (see Fig. 7). The 
second plasma fan, produced by a 
second transition coil, is turned 90° 
from the first. Therefore, as an ion 
follows a field line through the double 
fan, it is "bent" first one way and 
then the other to compensate for the 
curvature. Because the net displacement 
from the flux surface thus is essentially 
zero, the residual transport is 
determined by second-order effects. 
This new design for the transition 
region increases plasma containment in 
tandem-mirror devices by significantly 
reducing the radial transport, an 
objective we first sought by improving 
axisymmetry but finally achieved by 
combining the axicells with the double 
fan in the transition region. 

MFTF-B As It Now Stands 
Incorporating the axicell concept 

in the MFTF-B has required changes 
throughout the machine. These changes 
have involved about $15 million in 
offsetting hardware and design costs 
and have not increased the overall cost 
of the facility and auxiliary equipment 
(currently about $410 million). 

We may summarize the changes 
from the magnet configuration first 
designed for the MFTF-B (the A-cell) to 
the succeeding configuration (the 
axicell): 

• The A-cell magnet coils were 
eliminated from each end, and two of 
the fourteen central-cell coils were 
removed. 

• The yin-yang mirror coils were 
separated axially, increasing the mirror 
ratio from 2:1 to 3:1 and decreasing the 
midplane field from 2 T to 1 T. 

• Each transition coil was replaced 
with two smaller coils to produce the 
desired double-fan-shaped plasma in 
that region. Axicells were added at the 
ends of the central cell, each axicell 
consisting of 6-T and 12-T mirror coils 
with a midplane field of 4 T. 

• Additionally, by reducing the 
spacing between the central cell coils 
from 2 m to 1.25 m, we were able to 

increase the magnetic field there from 
lTtol .6T. 

With the new magnetic 
configuration, there is a new set of 
operating conditions in the plasma that 
requires some changes in the neutral-
beam and rf-heating systems. All 20 of 
the 20-kV, 100-A, 10-ms (pulse length) 
sources were eliminated because they 
give a fast, high-density start-up, which 
is not consistent with the slow, low-
density start-up required in the low-
density end plugs. We relocated sixteen 
of the 80-kV, 80-A, 500-ms sources, 
putting ten in the central cell, one in 
each axicell, and two in each yin-yang 
end plug; we also added an 80-kV, 
50-A, 30-s source to each axicell 
(identical to the ones for generating the 
sloshing ions in each yin-yang magnet 
and the one for pumping the thermal 
barrier at each end). For pumping in 
the transition region, we added two 
40-kV, 50-A, 30-s sources on each of 
the two end caps of the vacuum vessel. 

The rf-heating systems were altered 
with the addition of 1 MW of power in 
the 12- to 20-MHz range, available 
from a half-loop antenna at one end of 

Fig. 7 
Flux surfaces and field lines on thou 
surfaces for the new axlcell magnet 
configuration for MFTF-B. A profound 
dlffaranca from tha tarllar A-call de
sign l i tha alimlnation of tha slngla-fan 
transition In favor of tha double-fan 
daslgn for tha axicall varslon. This 
produces a dacraasa of nearly an or
der of magnitude In tha radial loss of 
plasma In tha machine, directly in
creasing what would be an "energy 
gain" in a magnetic fusion reactor. 
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Fig. 8 
Comparison of the magnet configura
tions in (a) the MFTF-B as it Is 
currently designed and (b) the 
potential upgrade to the MFTF-B. A 
4-m-long simple mirror with 12-T peak 
mirror fields and a 4.5-T midplane field 
has been inserted Into the central-cell 
coils. This mirror cell will be able to 
hold greater plasma pressure than the 
central cell could, allowing us to 
create a hot, high-density plasma by 
injecting a beam into this mirror. Using 
deuterium-tritium fuel, this cell will 
produce 11 MW of power. 

the central cell. About 400 kW should 
be absorbed in the plasma by ion 
cyclotron resonance heating (1CRH). 
Electron cyclotron resonance heating is 
still required at the thermal barriers 
and to create the confining potential; 
current plans call for eight 200-kW 
gyrotron tubes at frequencies of 28, 35, 
and 56 GHz. 

These alterations necessitated 
numerous other changes in the 
MFTF-B vacuum vessel, support 
structures, vault, electrical systems, 
cryogenics, control system, and plasma 
diagnostics. Since approval was granted 
by the DOE late in the 1982 fiscal year, 
all of these modifications have been 
incorporated in the MFTF-B design and 
in existing contracts for the various 
subsystems. 

The six months before and after the 
decision to incorporate the axicells in 
the MFTF-B was a turbulent period of 
very intense activity, but the project is 
once again running smoothly. We 
expect construction on the facility to be 
completed by September 1985 and all 
auxiliary heating and diagnostic 
systems to be operational by December 
1986 for the initial plasma experiments. 

Future Directions 
The MFTF-B is the only tandem-

mirror facility of its class in the world, 
and it will remain unique for some time 

to come. Since we intend to use this 
investment to its fullest, we have 
explored various options for upgrading 
the facility to meet new goals in the 
1990s. One idea, favored at the moment 
by LLNL and various DOE review 
committees, is to modify the end plugs 
once more to improve the physics 
performance and to insert a simple 
(axisymmetric) magnetic mirror cell in 
the center of the machine. In this high-
field region, we can simulate plasma 
conditions in one of the modular cells 
of a tandem reactor, 

In Fig, 8, the magnetic configurations 
of the MFTF-B and this proposed 
upgrade are shown. The insert in the 
central cell of the upgrade is a 4-m-
long simple mirro.' with 12-T peak 
mirror fields and a 4.5-T midplane 
field, In the remainder of the central 
cell, the field is 1.6 T, so the 
inserted simple mirror cell can hold 
considerably more plasma pressure 
than can the central cell. We use this 
feature to create a hot, high-density 
plasma through beam injection into this 
mirror. 

In one mode of operation with 
deuterium-tritium fuel, we would 
produce approximately 11 MW of 
fusion power in this section and could 
insert fusion blankets in this region (an 
additional 6 MW is produced in the 
remaining parts of the central cell). 
Tests of the blankets and auxiliary 
equipment would be part of a program 
to address issues of the power and fuel 
cycles to be used in fusion reactors. 

In another mode of operation, we 
would run the beam and rf systems to 
maximize the containment time and 
power gain in the plasma. While 
operating with deuterium-tritium fuel, 
the upgraded machine is expected to 
have a power gain of approximately 
two, an order of magnitude better than 
that feasible with the MFTF-B. 

This improved performance is the 
result of several features of the 
upgraded design. First, the magnetic 
field level in the end plugs would 
be about twice that of the MFTF-B 
magnets, permitting the adiabatic 
confinement of neutral beams of higher 
energy than the 80 kV used in MFTF-B. 
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(We propose to use 200-kV beams.) In 
turn, with higher energy beams, we can 
create higher electrostatic potentials to 
plug the ends of the machine. Another 
feature is the use of a yin-yang coil in 
the transition region. This yin-yang 
magnet has a dual purpose—it creates 
the double-fan transition and serves as 
an additional MHD anchor to stabilize 
the tandem configuration. (The yin-
yang plug magnets in the MFTF-B are 
the sole MHD anchor.) With additional 
anchoring, the configuration should be 
stable up to a plasma pressure limit 
that is higher than we achieve with the 
MFTF-B. 

Finally, in the upgraded design, the 
axicell is replaced by a single 18-T 
choke coil that reduces the passing ion 
fraction to the end plugs. Drift 
pumping replaces neutral-beam charge-
exchange pumping, and collector plates 
on the end dome are electrically biased 
to control the plasma potential. All of 
these features contribute to improved 
performance in tandem-mirror 
machines and, therefore, are being 
incorporated in all of the advanced 
magnetic fusion reactors being designed 
by LLNL. 

Whether this design or some other 
one prevails, we are searching for 
better ideas while validating the older 
ones. We believe this search 
eventually will lead to a workable, 
economical power reactor. U 
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