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BRIEFS 

Short items reporting on recent developments. 

TMX: A NEW FUSION PLASMA EXPERIMENT 

LLL's tandem mirror experiment (TMX) is another step toward achieving 
economically feasible power production from a mirror fusion reactor. 

TAMING GEOTHERMAL BRINES FOR ELECTRICAL POWE1 

Extracting energy from high-salinity, geothermal brines now appears feas;:..e. 
Acidification shows great promise for taming the brines. 

10 

FLOW CYTOMETRY IN CERVICAL CANCER DIAGNOSIS 20 

Rapid prescreening and early diagnosis of cervical cancer may be possible us
ing flow cytometry with gynecological samples. 

PROBING NUCLEI WITH LLL'S ELECTRON LINEAR 27 
ACCELERATOR 

We use our 100-MeV linear accelerator to expand our understanding of fun
damental nuclear physics in a variety of applications. 
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BRIEFS 

SHIVA FIRST-ARM PERFORMANCE 

On August 3, 1977, we successfully fired a 1-ns 
pulse through the first of 20 arms on the Shiva 
laser—the 10-kXfacility neuring completion at I I I . , 
riie output energy, as measured ftith a calorimeter, 
^••is 526 1. \ 7AvoÂ vg,<:'.l.1i,.,.1. 'O.C >.b.e weiT-Ciê Ld he-Arc1, 
showed very little beam breakup. This indicates that 
more than 90% of the encrgrjvas fociurtible onto a 
target. The small amount j)f dirt-related noise, 
which resulted in some coating damage on one lens, 
will be ehminated by increased spatial filtering and 
cleaning. Thus, on a single-chain basis, Shiva ejt-

• deeds its design-rated performance. 
Alignment of the remaining 19 beams should be 

straightforward, since the system is already almost . 
completely aligned from thb oscillator through the 
20-beam splitter array up to the* input aperture of 
each laserehaia. The digital control system', a new 
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NUCLEAR ENERGY 

TMX: A New Fusion 
Plasma Experiment 

The primary goal of the magnetic fusion energy 
program at LLL is the development of a technically 
and economically feasible approach to the generation 
of fusion energy. Results from our earlier 2XIIB ex
periment lead us to believe that a fusion power plant 
based on a mirror system is technically feasible, 
assuming a favorable extrapolation to plasmas of 
reactor size. Achieving economic feasibility is more 
difficult. For power-producing applications, a reactor 
needs a large Q, the ratio of fusion power output to 
the power injected to sustain the system. In a conven
tional mirror reactor, the fusion power is only about 
equal to the power injected by the neutral 
beams—that is, Q is only about unity. A new idea, the 
tandem mirror concept described in this article, 
promises to increase this gain, enhancing Q by at 
leas! a factor of 5. 

Attendees of an international workshop on Q 
enhancement in mirror fusion reactors, held at LLL 
in September 1976, selected the tandem mirror as 
one of the two most promising approaches among 
many alternatives for improving Q in mirror reac
tors. A subsequent proposal by LLL to build the 
tandem mirror experiment (TMX) was sent to 

Contact B. Grant Logan (Ext. 47281 for further information on 
this article. 

ERDA in January 1977, was reviewed by an ERDA 
panel in February 1977, and was approved for 
funding in March 1977. Enthusiasm for the tandem 
mirror idea is evidenced by the rapid transforma
tion of the new idea into a proof-of-principle ex
perimental facility at LLL that will cost $11 million. 
Tandem mirror experiments are also under con
struction or being planned in the Soviet Union, in 
Japan, and at the University of Washington. 

GENESIS OF THE TANDEM MIRROR 

The tandem mirror configuration was suggested 
by Dimov and his coworkers at Novosibirsk ' and 
independently by Fowler and Logan at LLL. 2 It is 
an extension of an earlier idea by Kelley. i 

What is the new idea? A tandem mirror uses two 
simple, or conventional, mirror machines as basic 
components, placed at either end of a series of cylin
drical coils that make up a solenoid (Fig. 1). Each 
mirror machine, or end cell, provides a minimum-^ 
magnetic field—that is, the intensity of the field in
creases in every direction awa> from the geometric 
center of the machine. Particles are trapped in the 
central area of least intensity called the magnetic 
well. Ions are thus confined radially in a spiral mo
tion around the field lines and are reflected 
longitudinally between the magnetic mirrors at 
either end. Ions having velocities with the largest 
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Fig. 1. The tandem mirror michine. Coils are copper-colored. Inside the colls Is (he sausage-shaped plasma, shaded red. Note the charac
teristic double-fan shape of the plasma in the end cells caused by the magnetic field of the baseball coils. The end cells stabilize the solenoid 
plasma and provide tongitudiqal confinement. 

component perpendicular to the magnetic field lines 
are trapped between the mirrors in the two end cell 
for a length of time called the ion-ion collision time. 
This is roughly the time it takes the ions to scatter 
enough for the parallel component of their 
velocities relative to the magnetic field lines to 
become sufficiently large to carry them through the 
mirrors and out of the system. 

For reasons that will be explained in more detail 
later, the mirror machines at either end of the cen
tral solenoid in a tandem mirror machine serve as 
"plugs" because they act to reflect ions escaping 

from the ends of the solenoid. In theory, ions in the 
solenoid can be confined for many collision times, 
long enough for many fusion reactions to occur and 
result in a high fusion-power yield. A tandem 
mirror combination thus allows a solenoid to be 
used for confining the main fusion plasma—and a 
solenoid is the ideal simple and potentially 
economical core for a magnetic fusion reactor.'1 

(The box on p. 4 contains a brief discussion of the 
potential role of mirror fusion reactors and the 
progress made thus far in their development.) 

Figure 1 shows the essential parts of a tandem 
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Fig . 2 . Density and field profiles of a tandem mirror machine. Four successive peaks in the magnetic field (yellow) connect the solenoid in 
the center to two mirror machines in tandem. The high-density plugs are sir rted and maintained by injected neutral beams; the lower-density 
solenoid is maintained by a gas feed. The magnetic Held strength (yellow line), the density of the hot ions in the plug (red), the density of the 
warm ions in the solenoid (orange), and the density ofthe electrons (blue) ire shown as they vary with distance along the axis of the tandem 
mirror system. The difference between the densities of the plug ions and tht electrons leads to the formation of an electrostatic potential well. 
This well confines both ions and electrons, which arc reflected back into the solenoid at the positions shown. 

i 
volume of the plasma in the central cell greatly ex
ceeds that in the end cells. 

The longitudinal confinement provided by the 
mirror machines results from a difference in the 
electrostatic potentials of the plugs and the 
solenoids, called a "potential well," that confines 
ions in the solenoid. To illustrate how this well is 
formed, we show in Fig. .'. the variations with dis
tance along the axis of the tandem mirror system of 
the magnetic field strength and the various particle 
densities. 

Because of their smaller mass and larger velocity, 
electrons tend to scatter and to escape along the 
magnetic field lines from the plugs and solenoid 
much faster than the ions. As a result (see Fig. 2), 
the electron density tends to drop slightly below the 

mirror machine. Coils having a configuration 
resembling the seam of a baseball are placed at 
either end of the solenoid. Beams of high-energy 
neutral atoms are injected into the baseball coils; 
the risult is a high-density, mirror-confined plasma 
in each coil. A gas composed of deuterium and 
tritium (the fusion fuel) is injected into the solenoid. 
Hot electrons that pass freely between the central 
cell and the end cells ionize the injected gas, creating 
and maintaining a plasma in the central cell that has 
a lower density than the plasma in the end cells. The 
ions in the central cell are confined radially by the 
solenoidal magnetic field and longitudinally by the 
mirror machines at either end. Although continuous 
nput power is required to sustain the plasma in the 
:nd cells, the overall Q can be high because the 
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MIRROR FUSION REACTORS 
Fusion power is attractive because its fuels are abundant and it is potentially clean. If fueled with 

deuterium and tritium, it would depend on the resources of deuterium and lithium-6, both of which 
are plentiful. Deuterium may eventually be the sole fuel, and it is extremely abundant: the amount 
found in the oceans could sustain the present world energy consumption for 100 billion years. While 
fusion power presently involves radioactive materials—tritium and irradiated walls—its evolution 
will quite likely lead to a source of energy less hazardous than any other, except solar power. 

For fusion power to become an economic reality, however, practical methods must be found for: 
(I) heating fusion fuel (plasma) above its ignition temperature, (2) confining this superhot plasma 
long enough for energy output to exceed input, and (3) converting the released energy to usable forms 
(electricity and process heat). Scientists have been working on these problems for more than two 
decades now, and, while many scientific and economic problems have yet to be resolved, major 
progress has been made. 

One approach to fusion research is magnetic confinement, which calls for containing very hot, 
high-density plasma in specially shaped magnetic fields. There are two basic confinement configura
tions: open-ended machines (mirror or theta pinch) and closed toroidal machines (Tokamak). In U.S. 
magnetic-confinement research, LLL has the prime responsibility for pursuing the mirror machine. 
Mirror fusion reactors offer the advantage of high power density coupled with relatively small size; 
that is, a mirror reactor may be successful at the few hundred megawatts level, one-tenth the an
ticipated toroidal machine levels. Also, the mirror concept is capable of steady-state dc operation, an 
important factor in achieving the uhimate fusion energy goal: commercial electric power generation. 

The 2X1IB experiment at LLL has shown that dense, hot plasma can be confined, free from disrup
tive instabilities, for extended times. Mirror researchers are therefore increasingly turning their atten
tion to a different problem, that of economics. To be economically practical, a fusion reactor ob
viously must produce more power than it consumes: a simple index of this power gain is the quantity 
Q, defined as the ratio of fusion power output to the power input to maintain the fusion reaction. The 
higher the power of Q, that is, the greater the Q enhancement, the better. One idea advanced as a 
promising approach to Q enhancement is the tandem mirror, a configuration in which fusion plasma 
is confined in , long solenoid terminated at each end by a mirror machine. The accompanying article 
describes the tandem mirror concept and the proof-of-principle experiment being conducted at LLL. 

ion density in both the plugs and solenoid. This dif
ference in density is maintained because both the 
plugs and the solenoid then develop enough positive 
charge with respect to the end walls of the system to 
keep the electron loss rate equal to the ion loss rate. 
Only a very slight difference between the ion and 
electron densities is required to set up large positive 
potential energies that are several times the electron 
temperature. Since the positive potential increases 
with the density of the electrons, and since the elec
tron density in the plugs is higher than that in the 
solenoid, the plug plasmas are more positive than 
the solenoid plasma. 

This potential difference between the plugs and 
the solenoid makes the potential barrier that con
fines ions in the solenoid. Depending on the 

plug-solenoid density ratio and the electron tem
perature (which determines the magnitude of the 
potential well), it can take a hundred ion-ion colli
sion times before the ions overcome the potential 
barrier, leave the potential well, and leak through 
the plugs. 

The plugs also provide a sufficient average center
ing magnetic force to stabilize the plasma in the 
solenoid. Without the plugs, the shape of the field at 
the ends of the solenoid would allow sideways mo
tion of plasma. 

In a fusion reactor burning deuterium and trit
ium in the solenoid, fusion alpha particles (helium-
4) born in the solenoid plasma from the 
deuterium-tritium reaction can provide a large frac
tion of the heat input required to maintain the tem-
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peralures of the electrons and the solenoid ions. The 
rest of the required energy input to the solenoid 
plasma can originate with the energetic ions in the 
plugs. These ions lose energy to the electrons that 
pass freely between end and central cells. The elec
trons in turn transfer energy to the solenoid ions, 
which are cooler than the electrons. In this way, 
some of the neutral-beam power required to main
tain the plugs is also used to heat the solenoid ions. 

Because of the long confinement time of ions in 
the solenoid, the heal injected via the plugs goes u 
long way, sustaining a very large volume of plasma 
in the solenoid. The Q of this system is large because 
it is equal to the solenoid fusion power (which is 
proportional to the plasma volume in the solenoid) 
divided by the power of the neutral beams being in
jected into the plugs (the only external power input). 
Table 1 lists the parameter values for a tandem 
mirror reactor (TM R) that would have a system Q 
of 5, a fivefold improvement in Q compared to a 
conventional mirror reactor. Figure 3 shows an ar
tist's conception of a TMR. 

THE TMX 
The purpose of the TMX is to provide a proof-of-

principle evaluation of the tandem mirror concept 
as rapidly as possible. To do this, the experiment 
must 

• Demonstrate the establishment and main
tenance of a potential well between two mirror 
plasmas. 

• Show that high-tf, minimum-S mirror 
plasmas (the plug plasmas) can stabilize a high-0 
plasma in the straight solenoid (0 is the ratio of 
plasma pressure to the pressure of the confining 
magnetic field). 

• Investigate methods of enhancing the Q of the 
system by such means as lengthening ion confine
ment time in the plugs, maximizing the density of 
the plasma in the plugs, and minimizing the neutral-
beam injection power required by the plugs. 

As we design TMX, we are focusing on aspects 
that are unique to the tandem mirror configuration. 
By directly applying experience gained from the 
Baseball and 2X11B experiments, we increase con-

Table 1. Parameters for a conceptual tandem mirror reactor (TMR) with a system Q of 5 for the LLL 
tandem mirror experiment (TMX). Parameters of the TMX are roughly proportional to those of 
the TMR; the confinement mechanism is similar. 

Parameter TMR TMX 

Energy of neutral beams injected into the plug, keV 

Magnetic field in the plug, T 

Ion density in the plug, particles/cm 

Ion density in the solenoid, particles/cm 

Electron temperature, keV 

Potential barrier for electrons, keV 

Temperature of solenoid ions, keV 

Potential barrier for ions, keV 

Ratio of ion confinement time to ion-ion collision time 

Magnetic field in the solenoid, T 

Ratio of plasma pressure in the solenoid to magnetic field 
pressure in the solenoid 

Length of plasma in the solenoid, m 
Ratio of plasma volume in the solenoid to that in the plugs 

1200 40 
16 1.0 
8.5 X 10<4 5 X I0 I ; 

1.0 X 1 0 1 4 1.2 X 10 
43 0.2 
260 1.1 
30 0.08 
92 0.29 
100 140 
2 0.05 
0.7 0.5 

100 
430 

5.S 
570 
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fidence in the reliability of TMX and shorten con
struction time. For example, we bring years of ex
perience to the designs of both the end plugs and the 
injection system. The TMX plugs are nearly iden
tical to the 2XIIB machine; for forming the plug 
plasmas, we chose the neutral-beam injection 
system proven successful in 2XIIB. There is a 
vigorous program under way at the Lawrence 
Berkeley and Livermore Laboratories to further 
develop neutral-beam and superconducting magnet 
technology; we know that a tandem mirror could 
operate in steady state using superconducting 
magnets, with continuous fueling and heating by 
neutral beams. The requirement for a high beta in 
the plugs has already been met by the 2XHB experi
ment. 

Each plug has 12 injectors; of these, four inject 
40-keV beams of neutral deuterium and eight inject 
20-keV beams of neutral deuterium. Each injector 
delivers about I MW of power in a 25-ms pulse. The 
neutral-beam injectors and their power supplies 
constitute the highest-cost nam for TMX. To reduce 
costs, 12 of the 20-kcV injectors will be borrowed 
from 2XIIB. 

Eighteen coils are used on TMX (Fig. 4). Each 
plug consists of a baseball coil with the mirror fields 
augmented by two C-shaped coils located in the 
jaws of the baseball coil. Six large, ring-shaped coils 
create the solenoidal magnetic field. At each end of 
the solenoid, a pair of nested C-shaped coils 
followed by a n octupole coil provide a transition 
from the fan-shaped field of the plug coil to the 

Fig. 3 . The tendem mirror reactor. Conceptual drawing of a fusion reactor shows (in cutaway) 100-m-long solenoid of red modules be
tween two plugs with orange transition coils. Ribbed structures protruding radially from the plugs are neutral-beam injectors. Large, oval 
bltte-gray ranks at the ends house direct converters to convert plasma tosses and charged fusion energy directly into dc electricity to run the 
neutral beams. Fusion neutron energy is recovered and transferred to steam generators and turbines in the power house in back. The conkal 
buildings are cooling towers. 
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Fig . 4 . TMX magnet and neutral-beam injection system. 
Massive baseball-shaped coils in the ends create 2-T mirror fields 
for the plugs. Large ring-shaped coils form the central solenoid. 
C-shaped and octupole coils smooth the transition of field lines 
between the plugs and solenoid. Twelve neutral-beam injectors (I 
MW each) power each plug. 

- C-shaped coils 

-Transitional coils 

- Neutral beams / 

- Baseball magnet 

-Octupole magnet 

- Solenoid 

cylindrical field of the solenoid. All coils are copper, 
water-cooled, and operated for a few seconds by dc 
power supplies. The dc power now available will 
limit the magnetic field strength of the two mirror 
systems to 2 T. Figure 5 shows the TMX machine as 
it will appear when complete. 

Because the plugs were chosen to be of 2XIIB 
size, the overall scale of TMX is determined by the 
l-m mirror-to-mirror length of each baseball coil. 
Adding a 5-m-long solenoid (for a high-g tandem 
reactor the plasma volume of the solenoid must be 
large compared to that of th-̂  end plugs) and end 
tanks beyond the plugs to dispose of the plasma 
losses brings the total machine length to a little over 
15 m. 

The TMX is located in the area previously oc
cupied by the Baseball experimental facility, which 
was shut down and removed to make room for 
TMX. Figure 6 shows the large pit under construc
tion in which TMX will be placed; Fig. 7 shows the 
completed facility. Note that a 0.6-m-thick concrete 
wall will completely surround the experiment to 
shield personnel from the possibly large neutron 
fluxes produced by deuterium-deuterium fusion 
reactions. 

By using existing facilities, borrowirg neutral-

beam injectors from 2XIIB, and limiting power con
sumption to the available supply, we have kept the 
cost of the TMX to $11.5 million, which is about 
half what the experiment would cost without these 
economies. 

For TMX to provide the groundwork for a tan
dem mirror reactor, the characteristic; of the TMX 
plasma must be as nearly in proportion to the 
corresponding reactor characteristics as possible, 
consistent with engineering, physical, and economic 
constraints on ..e experiment (see Table 1). Other 
than neutral-beam voltage and magnetic-field 
strength, the most severe constraint is the require
ment that enough low-energy ions be lost through 
the ends of the solenoid to suppress microinstability 
in the plugs, just as a low-energy plasma stream 
from an external source is required to stabilize 
2X1IB.5 Fortunately, the TMX plasmas not only 
meet these constraints but also have characteristics 
needed for a high-(? reactor: 

• The confinement of solenoid ions in the TMX 
potential well should reach 100 ion-ion collision 
times. 

• The volume of the solenoid plasma compared 
to that in the plugs is close to the volume ratio in a 
reactor. 
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• The shape and stability of the TMX plasma 
are dso very similar to those in a reactor. 

FUTURE PLANS 

If all goes well, the crucial physics 
issues—establishment of a potential well, deter
mination of the stability of the solenoid plasma, and 
enhancement of plug confinement time—should be 
resolved by 1979-1980. This would be in time to 
decide what modifications should be made to the 
proposed LLL Mirror Fusion Test Facility 
(MFTFf as a next step in the development of the 
tandem mirror. Successful experiments on TMX, 
coupled with subsequent experiments in MFTF 
(scheduled to begin operation in 1981), should 
provide a sufficient basis for building an experimen
tal power reactor (one that produces a small 
amount of net fusion -power) sometime in the 
1980's. 

Fig. 6. The T M X is located in the area previously occupied by 
the Baseball experimental facility. In May 1977, the construction 
site looked like this. Note the large, 16-m-long pit to house the 
T M X machine. 

8 

file:///ssimhli-d


Fig. 7. Drawing of the TMx machine after completion. '•,«! 
finished facility will include a 0.6-m-lhick concrete personnel 
shield. 

Key Words, magnetic mirrors; magnetic mirrors—design; mirror 
ion experiment; mirror machines; mirror machines—design: 
tsmas; tandem mirror experiment; TMX. 
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GEOTHERMAL ENERGY SYSTEMS 

Taming Geothermal Brines 
For Electrical Power 

Although vast sources of energy are tied up in the 
geothermal brine reservoirs of California's Imperial 
Valley, this energy cannot yet be efficiently recovered 
because of the massive precipitation of minerals from 
the brine. Precipitated solids form scale and fluid-
suspended solids that can clog and erode the brine-
handling machinery. The problems ar • most severe in 
the vital energy-conversion components where tem
perature and pressure drops are the greatest. 

In parallel with engineering development of the 
total-flow process, we are currently investigating 
brine acidification as a means for controlling scale 
and solids precipitation. Studies are being conducted 
to select the component materials best suited for han
dling the acidified brine, and various methods are be
ing investigated for efficient disposal of the spent 
brine. 

Contact George E. Tardiff i Ext. 39461 for further information 
on this rr'icle. 

As a result of recent technological developments, 
the vast sources of thermal energy that lie beneath 
the earth's surface may soon yield to commercial 
development. Throughout the world massive sub
terranean geothermal brine deposits are hoi enough 
and close enough to the earth's surface to make 
their exploitation economically feasible. Just such a 
deposit is the Salton Sea Geothermal Field. 

The Lawrence Livermore Laboratory has been 
working to help develop the Salton Sea Geothermal 
Field as an energy source since early 1974. This field 
was chosen for development because it is a large, 
high-temperature reservoir (about 300°C) located 
near large metropolitan areas, which have high 
energy needs. The potential energy available from 
the field has been estimated to be approximately 
83 600 MW-yr of electricity, equivalent to the elec
trical energy production from 1 billion barrels of 
oil. 

In addition to being very hot, the brine is also 
very salty and filled with minerals that can erode 
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and clog machinery. Dissolved solids run as high as 
30% by weight in some areas of the deposit. Thus, 
the brine itself is the najor obstacle to economic 
development of this thermal energy source. 

As long as the brine is very hot and under 
pressure, the dissolved solids remain dissolved. To 
convert the thermal energy to electrical energy, 
however, the brine loses its heal and pressure while 
expanding. When the temperature and pressure 
drop, some of the water turns to steam, and the dis
solved minerals come out of solution and 
precipitate as either deposited scale, suspended par
ticulate solids, or suspended gel solids. Solids 
precipitation will occur everywhere in the brine-
handling system, including the brine-transport 
plumbing, control components, and ensrgy-
exlraction machinery. The problem is most serious 
in the energy-extraction machinery, since it is here 
that the temperature and pressure drop is most 
severe. 

Scale deposits can clog the system, suspended 
solids can erode the system and plug up the pores of 
the underground disposal reservoir, and the hot 
pressurized brine solution can corrode nearly all 
materials that it touches. Clogging, erosion, and 
corrosion can all operate singly to cause equipment 
failure: they can also interact to accelerate the 
process. Erosion-assisted corrosion is an especially 
lethal combination with a high potential for induc
ing equipment failures. The resolution of these 
problems—the key to efficient and economical con
version of the geolhermal energy from the Salton 
Sea Geothermal Field—comes down to two basic 
technological imperatives: develop a method to con
trol solids precipitation, and select suitable erosion-
and corrosion-resistant materials to survive the 
punishing environment. 

THE GEOTHERMAL ENERGY 
DEVELOPMENT PROGRAM 

Our brine chemistry and materials work ' is part 
of the Laboratory's Geolhermal Energy Develop
ment Program, whose general objective is to 
develop advanced technologies for water-
dominated hydrothermal resources, with emphasis 

on solving the problems of the high-temperature, 
high-salinity geological resources in California. Our 
basic tasks are to develop reliable, efficient energy-
conversion systems, and to develop methods for 
controlling scale formation, handling and removing 
solids, and disposing of spent brine. All of these 
tasks depend on solving the problem of solids 
precipitation and materials erosion and corrosion. 

The Total-Flow Turbine System. The 
Laboratory's development of an advanced energy 
conversion system is concentrated mainly on a 
total-flow impulse turbine system.2 "Total flow" 
means that she energy-conversion unit (a specially 
designed turbine) is driven by the whole wellhead 
product: highly divided water droplets, vapor, dis
solved solids, suspended solids (if any), and ad
ditives (which are discussed below). The term tola! 
flow is sometimes used interchangeably with "two 
phase." which refers specifically to the combined 
liquid and vapor states of the brine product. The 
term "separated brine" is applied to brine from 
which the vapor has been removed. Two-phase, or 
unseparated, brine is considered to be low quality if 
it has a low vapor fraction: quality is expressed as 
the percentage of vapor. 

An impulse turbine is analogous to a paddle 
wheel, in which the torque is achieved by a moving 
mass impinging upon a peripheral deflection sur
face. For the impulse turbine, the mass flow is direc
ted by specially designed nozzles. 

The total-flow concept for geothermal brines ap
pears to be more economically attractive than con
ventional hydrothennal energy-conversion tech
niques that extract and use only the vapor fraction, 
discarding the hot brine, which still contains about 
one-third of the total available energy. The goal or 
the advanced energy conversion project is to 
develop the total-flow geothermal energy system to 
help accelerate commercial development of this im
portant resource. 

Figure I, a schematic of the total-flow turbine 
system, illustrates the problem areas requiring solu
tions by the brine chemistry and materials 
technology effort. In the total-flow turbine system, 
wellhead brine is expanded (flashed) through noz
zles and its thermal energy converted into kinetic 
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Fig. 1 . Simplified schematic of the total-flow impulse turbine system. Wellhead brine in both liguid and vapor states is expanded through 
nozzles to drive specially designed rotor blades. Steam mtd brine liquid are then separated: the steam is disposed of as water and vapor; the 
spent brine is returned to underground reservoirs. For simplicity, only one nozzle is shown. 

energy as high-velocity jets of fluid and vapor. 
These jets drive an axial-flow impulse turbine that 
drives a turboalternator that generates the elec
tricity. Field experiments during 1975 showed that 
the rate of scale, deposition by wellhead brine in test 
nozzles was about I mm/day. Wear blades placed in 
the nozzle exhaust jet were severely eroded by 
suspended solids precipitated during brine expan
sion through the nozzles. 

Of the possible methods for control of solids 
precipitation, only two hold promise for 
simultaneously controlling scale and suspended 

solids: chemical modification of the brine to prevent 
precipitation, and pre-precipitation of the solid 
material by treating the brine at the wellhead and 
removing the solids before the brine enters the con
version system. The latter method was considered 
only as an alternative, because advanced technology 
and equipment would be needed to remove the 
solids from the high-temperature wellhead brine. 
Other methods of scale control based on prevention 
of scale accumulation would be less effective 
because they do not solve the problem of solids en
tering the turbine. Thus, we initiated a major effort 
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to identify and test methods for modifying brine to 
prevent the precipitation of scale and suspended 
solids. 

Anticipating success with a scale- and solids-
control method, we established a test program to 
select materials for the impulse turbine components. 
This effort was mainly focused on discovering those 
materials resistant to erosion and stress corrosion in 
the brine environment. 

Industrial Support Program. Much of this work 
can be applied to various geothermal energy conver
sion concepts or systems, and the Laboratory has 
established an Industrial Support Program to 
provide technological assistance to industries that 
are trying to use the geothermal resources of the 
Salton Sea field. This program parallels the total-
flow program. It provides technological assistance 
to the Geothermal Loop Experimental Facility, a 
joint venture of ERDA and the San Diego Gas and 
Electric Company. The purpose of the facility is to 
evaluate the feasibility of a flashed-steam-binary-
cycle energy conversion system, a hybrid system 
that incorporates a sequential four-stage steam flash 
process. The steam is scrubbed in bubble-cap tray 
towers and then directed through heat exchangers, 
where the heat is transferred to a secondary working 
fluid. In the present operation, water is used as the 
working fluid and is expanded across a throttling 
valve to simulate the pressure drop across a turbine. 
The steam condensate can be either cascaded to the 
next stage, combined with the brine, or used for 
spray-pond water. 

The decision on whether to proceed with a full-
scale flash-binary demonstration plant is tentatively 
planned for 1979. The final decision to build this 
plant will be based on information from our brine 
chemistry and materials work. Specifically, we have 
been working to 

• Characterize brine and steam flows. 
• Measure production of precipitated solids. 
• Characterize the physical and chemical nature 

of scale and suspended solids. 
• Test the most promising brine-modification 

scheme for scale- and solids-control to determine its 
feasibility for operations use. 

• Identify an effluent treatment and solids-

removal method to permit successful long-term in
jection of spent brine into subterranean reservoirs. 

Field work for the brine chemistry and materials-
related problems is conducted with a Laboratory 
mobile field station at the Geothermal Loop Ex
perimental Facility site. 

F.ESULTS OF BRINE CHEMISTRY 
IN TOTAL-FLOW SYSTEMS 

Scale Control. The total dissolved solids content 
of brine in the Salton Sea Geothermal Field ranges 
from 10% to 30% by weight. The brines are slightly 
acidic (pH 5 to 6). Although most of the dissolved 
solids are mixtures of sodium, potassium, ant! 
calcium chlorides, trace constituents such as silicon, 
heavy metals (iron, lead, copper), and sulfur com
prise most of the suspended solids and deposited 
scale. 

The process of solids precipitation depends on 
brine pH, which in turn is determined principally by 
the amount and distribution of noncondensible 
gases, mainly ammonia and carbon dioxide. Brine 
pH at the wellhead is generally near 5.8, while the 
downwell pH is estimated to be about 4.3. The 
higher wellhead pH is due to decomposition of car
bonic acid to carbon dioxide gas as the pressure is 
reduced during flashing of brine up the wellbore. 
The pH of brine streams at the Geothermal Loop 
Experimental Facility varies between 5 and 6 in all 
stages of flashing. 

In the experimental facility, most of the carbon 
dioxide is vented after condensation of the steam in 
the first-stage heat exchanger. Significant quantities 
of ammonia are released as the brine is flashed 
through the second, third, and iourth stages. The 
pH of the first stage condensate is 6.3, but this in
creases to above 9 in the second, third, and fourth 
condensate streams due to dissolved ammonia. In 
separated brine cooled by expansion through noz
zles, the pH ranges from 5.4 to 6.3. All pH values 
given in this article are measured at ambient tem
perature. 

A typical scale deposit is shown in Fig. 2. This 
deposit formed during about two weeks of flow of 
cooled (about I00°C) brine, supersaturated with 
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Fig. 2 . Typical scale deposit formed inside a pipe after flow of 
cooled, unmodified brine for two weeks. This example un
derscores the need to prevent deposition of solid precipitates. 

scale-forming elements. Although there are wide 
c>;fferences in temperatures, types of scales, and 
flow environments at the experimental facility, the 
scaling rates are remarkably similar. 

Figure 3 shows a polished section of scale formed 
during flow of separated brine at about 200°C. It 
consists of iron-rich amorphous silica and cop
per-iron sulfide. The proportion of metal sulfides is 
generally higher (greater than 50%) at higher 
deposition temperatures. Deposition at approx
imately 100°C produces softer scales, consisting 
mainly (more than 80%) of iron-ric> amorphous 
silica. The high-temperature silica sea.' appears 
microscopically as 1- to 5-nm colloidal silica parti
cles, aggregated as a porous gel network. This 
polymerization of dissolved monomeric silica to 

Fig. 3 . Polished cross section of scale deposit formed at 2 0 0 T 
during flow of separated brine. Darkest areas are cpoxv mounting 
material. The porrnis silica colloids precipitate first, farming a 
host for the nucleution and deposition of the sulfides. 

more complex polymers ultimately results in the 
production of colloidal particles. Aggregation of 
these colloidal particles forms the porous structures 
and provides a host for nucleation and further 
deposition of sulfides. In every deposit examined, a 
sulftde-deficient scale is found adjacent to the 
substrate. 

We found that the concentration of suspended 
solids, collected by in-line filtering of brine, in
creases from 7 ppm at the production well (about 
200°C) to up to 480 ppm at the injection wellhead 
(about 100°C). These solids are primarily lead sui-
ftde-silica mixtures at higher temperatures and 
amorphous silica at lower temperatures. 

We studied the solution chemistry of silica and 
analyzed the chemistry of sulfide precipitation to es-
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tablish a method for controlling scale and the 
precipitation of suspended solids. Figure 4 il
lustrates how pH reduction lowers the rate at which 
silica is polymerized (Fig. 4a) and slows the kinetics 
of colloidal silica aggregation that would lead to the 
formation of scale (Fig. 4b). An analysis of the 
chemistry of metal sulfide precipitation in chloride 
solution suggested that sulfide precipitation could 
ilso be suppressed by acidification. Brine acidifica
tion shows promise as a method for reducing or 
preventing the deposition of scale and the precipita
tion of suspended solids. Reduction of the pH to 
below 4 reduces precipitation of solids by more than 
SO times. 

The Laboratory's mobile field station was 
designed specifically to test acidification as a means 
to control the precipitation brine solids and to select 
materials resistant to the erosion and corrosion ef
fects of acidified brine. 

Test nozzles were used to expand wellhead brine 

from about 1960 kPa and 220°C to about 103 kPa 
(atmospheric pressure) and 100°C. The brine and 
vapor from the wellhead were first separated. For 
the initial brine acidification tests, hydrochloric acid 
was injected into the separated brine prior to its in
troduction into the nozzle. 

The unmodified, low-quality separated brine was 
introduce! into the nozzle inlet. Expansion of the 
brine caused enough scaling to reduce the 0.25-in. 
nozzle diameter by 19% after 24 hr. Acidification to 
pH 4.S or less eliminated such scale deposition. 
Figure 5 clearly demonstrates the effect of acidify
ing brine on scaling in a Teflon nozzle. Similar 
results were obtained with other nozzles made from 
the commonly used titanium alloy TU6A1-4V. 

More recently, we have found that scale deposi
tion on nozzles is also prevented in the expansion of 
two-phase 11%-qualily brine, acidified prior to ex
pansion. A diagram of the two-phase test apparatus 
is shown in Fig. 6. Here, the brine and vapor are 
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Fig. 5. Tenon nozzles showing the effect of brine Acidification 
on scaling after 20 hr of flow exposure. Brine entered the nozzle 
inlets at 220°r and exited at 10OT (flow direction in this photo 
is from bottom to top). The nozzle on the right shows scale 
deposits resulting from the flow of natural brine. The Lick of scale 
on the tefl nozzle is evidence for the reduction of scaling rate by 
acidification of brine to pH 4.5 or less. These tests closely ap
proximate the total-flow turbine nozzles. 

separated, the acid is introduced into the brine, and 
the vapor and brine are recombined prior to expan
sion. For these tests, separator temperatures and 
pressures were stabilized between 192 and 196°C 
and between 1960 and 2030 kPa, respectively. 

We determined the quantity of acid required to 
control scale and solids precipitation by directly 
measuring acid and brine flows. The results show 
that the amount of hydrochloric acid required to ac
ceptably reduce pH is about 120 ppm for separated 
brine and about ISO ppm for two-phase brine at 
11% quality. The greater amount of hydrochloric 
acid is required in the two-phase brine because of 
the neutralization by ammonia. Acidification at 
these rates would increase plant operating costs by 
less than $0,002/45 kg of brine processed. Assuming 
that 45 kg of brine is required to produce 1 kW-hr 
and that the cost of electricity at the bus bar is 
$0.020/kW'hr, we estimate that adding this much 
acid to the brine would add less than 10% to the cost 
of energy. 

Evaluation of Materials. Titanium-base alloys are 
currently the best materials for total-flow turbine 
systems, because they have a high strength-to-
density ratio and are relatively resistant to stress-
corrosion cracking in aqueous media. 

We tested material erosion by placing wear blades 
that simulate turbine blades in the exhaust jet of 
brine expansion nozzles. Wear blades of Ti-6AI-4V 
alloy were exposed to two-phase, acidified brine for 
60 hr. For these tests, profilometer traces of wear-
blade leading edges were made on the blades as 
machined, alter exposure to brine, and after 
removal of scale. The maximum depth of erosion is 
about 19 jtm fir carbonilridetf and uncoated Ti-
6A1-4V blades. A linear extrupulution of this figure 
yields about 2.8 mm of erosion for 1 yr of exposure, 
which is acceptable for a first-generation turbine 
system test. Furthermore, the titanium alloy showed 
no sign of stress-corrosion cracking at realistic tur
bine operating stresses. In similar tests, cobalt- and 
iron-base alloys failed. 

Short lengths of 0.75-in.-diam zirconium tubing 
have been used to mix 4 N hydrochloric acid with 
separated brine and to carry the acidified brine to 
the nozzles. These tubes have been free of scale or 
degradation after several hundred hours of use. 
Since the total amount of material required for 
these tubes and nozzles will be small, the use of such 
an expensive corrosion-resistant material in up
stream components of the total-flow system (where 
the brine is acidic and hot—in excess of 200°C) 
would not add significantly to the overall cost of a 
power-conversion plant. The total-flow system is 
particularly well suited to acidification for control 
of scale and solids precipitation, since all of the tem
perature drops occur in the nozzles. Downstream 
components (turbine case, separators, piping, and 
the injection casing) need only be resistant to 
acidified brine at the low temperature of nozzle ex
haust (about 60°C). Downstream neutralization by 
dissolved ammonia will reduce corrosion there. 

Preliminary electrochemical measurements of 
corrosion rates have assessed the potential of low 
chromium-molybdenum alloy steels for injection-
well casings and components downstream from the 
turbines. At temperatures near 100°C small addi-
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tions of chromium and molybdenum can reduce the 
corrosion rate nearly tenfold relative to carbon steel 
to rates well within acceptable limits. 

Disposal of Spent Brine. Injection of spent brine 
underground is the only acceptable means of dis
posal of the enormous quantities of brine required 
to operate even a small power plant, Brine acidifica
tion reduces the content of suspended particulate 
matter in the cooled effluent: thus, at first the 
acidified effluent should flow freely into the injec
tion reservoir without plugging. However, acidifica
tion only delays silica precipitation, and successful 
injection is required for many years. We are 
evaluating how well acidified effluents can be injec
ted by flowing the fluid through beds (mainly 
sandstone) that simulate the porous underground 
reservoir rock. Comparisons of permeability 
changes will be used as a basis for selecting the op

timum fluid properties of the effluents for long-term 
injection. 

BRINE CHEMISTRY FOR 
BRINE FLASHING SYSTEMS 

Although the acidification process was developed 
initially for the total-flow impulse turbine system, it 
is now being evaluated for control of scjle and 
solids in brine flashing systems, such as are used by 
the Geolhermal Loop Experimental Facility. In the 
brine flashing process, the cooling of normal brine 
creates a solids-laden effluent, not suited for dis
posal by injection. The primary purpose of these 
tests is lo determine if acidification of the working 
brine can lead to successful injection of the spent 
brine. 
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Besides acidification of the brine, another possi
ble solution to the injection problem is to remove 
precipitated solids prior to injection. Various 
methods of solids removal from effluents are being 
investigated in small-scale tests—primarily methods 
of gravity settling and filtration for final clarifica
tion of the fluid. We are also investigating alter
native and auxiliary methods for settling based on 
contact removal, that is, the tendency of solid parti
cles to stick to surfaces, which results in a reduction 
of solids concentration. We are investigating such 
contact-removal devices as sand beds and devices 
designed to expose a high surface area of steel to the 
brine flow. 

To carry out these effluent treatment and solids 
removal tests, a Brine Effluent Test Station is being 
constructed and will use the Geothermal Loop Ex
perimental Facility's spent brine at the injection 
wellhead. 

However, before brine acidification can be used 
to control scaling and solids in high-temperature 
brine flashing systems, we must first solve the 
problem of corrosion. Corrosion increases directly 
with increasing temperature; for example, for each 
100°C rise in temperature, the corrosion of carbon 
steel in high-chloride brines increases tenfold. Car
bon steel corrodes about 2.5 mm/yr in 100°C 
acidified brine but at a rate of about 24 mm/yr in 
200°C acidified brine. Certainly, then, carbon steels 
or other low-alloy steels are not suited for use in a 
high-temperature brine flashing system. 

Lining the hi'jh-temperature carbon steel compo
nents with corrosion-resistant materials is one solu
tion to this problem. We have listed a wide variety 
of alloys and found the best to have a corrosion rate 
of 0.0015 mni/yr—promising as liners for brine 
flashing equipment. We plan to test lining material 
alloys to evaluate their resistance to general corro
sion, stress-corrosion cracking, pitting corrosion, 
and weld corrosion. Cost analyses of plant con
struction are being made in parallel with the corro
sion evaluations to determine the most economical 
materials for brine flashing systems. 

A full-scale system test of brine acidification for 
scale control in the Geothermal Loop Experimental 
Facility is planned for late 1978. We are now 

performing preliminary tests of acidification for the 
experimental facility using a scaled-down model of 
the facility at our field test station. Our initial objec
tives are to determine the maximum level of scale 
and solids control possible by acidification, consis
tent with maintaining corrosion rates below a level 
for which long-term operation of the experimental 
facility is feasible. 

Several techniques are being investigated as 
means of reducing corrosion rates. One method we 
are currently evaluating is preprecipitation of scale 
prior to acidification. Preliminary results suggest 
that corrosion rates might be reduced fivefold by 
preplating u very thin layer of scale on all the inter
nal brine-handling components. For long-term 
operation (up to 18 months) of the experimental 
facility, general corrosion rates will need to be kept 
below 0.15 mm/month. 

CONCLUSION 

Extracting energy from high-salinity, geothermal 
brines now appears feasible. Brine acidification 
promises to be an economical method for control
ling scale and solids for both conventional and ad
vanced energy conversion systems. To date, we have 
tentatively demonstrated economically viable solu
tions for scale accumulation and corrosion in the 
total flow system. We have also found materials for 
the brine-handling components that can withstand 
the corrosive fluids. We think we have found possi
ble solutions for spent brine reinjection, and we are 
investigating a wide variety of promising solutions 
for scaling and corrosion in high-temperature brine 
flashing systems. 

Key Words: acidification; brines—corrosici: geolherrnal brines; 
geolhermal brines—scaling effects; gentbermal energy—energy 
conversion; Salton Sea area. 
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NOTES AND REFERENCES 

1. Previous geothermal brine studies, with veci^l refevence to 
our work on controlling scaling and corrosion, are discussed 
in the March 1976 Energy and Technology Review (UCRL-
52000-76-3). p. i. 

2. Development of the total-flow impulse turbine and an aux
iliary reaction turbine are discussed in the May 1977 Energy 
and Technology Review (UCRL-52000-77-5), p. 7. (Also in 
this issue is an overview of the Laboratory's geothermal 
energy development efforts, p. 1.1 
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ENVIRONMENT AND SAFETY 

Flow Cytometry in 
Cancer Diagnosis 

Early detection of malignancies has, for the last 25 
years, been based mainly on microscopic examination 
of cells taken from the anatomical site under suspi
cion. The Pap smear, the analysis of surface cells that 
can be easily scraped off the cervix, has been es
tablished as an effective technique for early detection 
of cervical cancer. Such cytological screening for can
cers of the lung, bladder, bowel, breast, and prostate 
appears to be technically possible but is prohibitively 
expensive. We are conducting research to automate 
the diagnosis of cervical cancer with the goal of ex
tending this technique to other cancers. Using the 
LLL multiparameter flow cytometer and cell sorter, 
we have been able to sort out abnormal cells based on 
their DNA content and cell size. However, normal 
cells also occur in the sorted sample, so we are 
searching for a third parameter to decrease their num-

Contacl RonaldH. Jensen (Ext. 3565) forfurther information on 
this article. 

Cervical 

ber. With this improvement, multiparameter flow 
cytometry will be ready for a field trial in the clinical 
diagnosis of cervical carcinoma. 

Over 90% of lung, bladder, bowel, breast, and 
prostate cancers occur in people over age 45. 
Massive screenings of this population and other 
populations at risk (such as cigarette smokers) are 
desirable because cancers are al! potentially 
treatable if caught early. In general, the earlier the 
diagnosis, the better the prognosis. This is true 
because cells appear to follow a standard pattern in 
becoming cancerous. Normal cells first become 
dysplastic, which means they have slightly abnor
mal nuclei. In time, these cells become carcinoma in 
situ, localized cancer, which eventually change to in
vasive cancer. This cancer invades nearby tissues 
and can spread throughout the body. Patients re
spond well, however, if they are .reated before the 
cancer begins to spread. 
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The development of the Pap smear, a cytologic 
screening technique, has resulted in detection of 
cells in these earlier stages and in a 50% reduction in 
death:; due to cervical cancer. The Pap smear, ob
tained by many women every year, is the only 
cytological screening routinely employed at present. 
It is taken by a physician or nurse, mounted on a 
microscope slide, and stained for microscopic 
analysis. A trained cytotechnician analyzes the 
stained cells for deviations typically found in 
dysplastic or cancerous cells: in nuclear size and 
shape, cell size and shape, and staining variability 
both in intensity and color. This tedious and time-
consuming task is now done for cervical screening, 
but it would be increasingly burdensome if it were 
extended to other cancers as well. 

Auto nation is a possible approach to the ex-
aminatinn of such a large number of cytology 
specimens. It could be a diagnostic technique or a 
prescreening tool to eliminate the large number of 
normal samples from further detailed cytological 
screening. This could eliminate as much as 90% of 
manual screening. To encourage research in 
automating diagnostic cytology, the National Can
cer Institute has established a Committee on 
Cytology Automation, which administers a 
program to determine the efficacy of automated 
cytological diagnosis of human cancer. Our 
laboratory has been a part of that effort since 1974 
under an agreement between the National Cancer 
Institute and ERDA. 

We chose to work on automating the diagnosis of 
cervical cancer for several reasons. First, as 
described above, diagnosis by microscopic examina
tion is very effective and can be used as a measuring 
stick to determine how well the automated tech
niques can diagnose. Second, a continuous supply 
of cell samples is available to us from the Dysplasia 
Clinic at the University of California at San Fran
cisco. Finally, the automated analyses are based on 
deviations in normal cellular properties that we ex
pect to be similar for many different types of cancer. 

Our approach is based on the use of a mul
tiparameter flow cy tometer as the primary screening 
instrument. Such an instrument has been used for 
about 10 years, but primarily as a research tool, not 

a clinical instrument. The design of the LLL flow 
cytometer' and some research applications! have 
been described previously. For flow cytometry, 
large molecules (for example, DNA or enzymes) in 
intact cells are stained with fluorescent probes. The 
stained cells in suspension are made to flow in a 
very narrow stream so thet the cells travel in single 
file across a beam of intense blue laser light, which 
excites the dye to fluoresce. The fluorescent flash 
from each cell is picked up by an optical system and 
converted to an electrical pulse, which is integrated, 
amplified, digitized, and stored in the memory of a 
multichannel analyzer. Fluorescence from several 
probes can be simultaneously measured for each 
cell. In only a few minutes, signals from about 
100 000 cells are stored in the multichannel 
analyzer, enough to obtain good statistical preci
sion. The contents of the analyzer memory can be 
displayed directly as a histogram depicting the fre
quency of cells with equivalent intensities of 
fluorescence. Alternately, the contents of the 
memory can be transmitted directly to an online 
digital computer for further processing and 
analysis. 

TWO CELL MARKERS 

The successful application of flow cytometry to 
the automated diagnosis of cervical cancer rests on 
selecting diagnostic markers that occur in detect-
ably different amounts in cancerous cells than in 
normal cells. We selected DNA content as cjr 
diagnostic marker because it is the most quan
titative cytochemical property of mammalian cells, 
it has been extensively studied, and it is known to be 
frequently abnormal in cancer cells.' 

Chromomycin A, and its close analog, 
mithramycin, are fluorescent stains that bind DNA 
in solution.4 Since they stain only double-stranded 
DNA (which occurs in cell nuclei), they are good 
candidates as probes for cellular DNA content in 
gynecological specimens. We developed procedures 
for staining cervical cells with chromomycin A j 5 

from the original cell staining studies for 
mithramycin.'1 We used microfluorophotometric 
analysis of cells mounted on microscope slides to 
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measure single-cell fluorescence intensities and to 
measure nuclear-to-whole-cell fluorescence ratios. 
Bright yollow fluorescence specific to cell nuclei 
could be obtained over a wide range of conditions, 
providing that pH was above 6, that magnesium 
ions were present, and that the chromomycin A, 
concentration was above 10'* M. Figure 1 shows 
both the phase image and the fluorescence image of 
a microscope field containing several chromomycin 
A,-stained cervical cells, and it illustrates the 
bright, nuclear-specific fluorescence that we can ob
tain. 

After about a year of research, we developed a 
standard staining method that allowed us to analyze 
the samples, first by exciting the stain with 458-nm 
light from the argon laser in our flow cytomeler and 
then by measuring fluorescence by single- or 
multiple-parameter flow cytometry. 

Cell size is also a marker for dysplasia, carcinoma 
in situ, and invasive carcinoma. Although abnormal 

cells vary considerably in size, they tend to be inter
mediate compared to all the cells that occur nor
mally in gynecological samples. Since the intensity 
of 90° light scatter increases with the size of the cell, 
this parameter can help us discriminate between 
normal and abnormal cells. 

TWO-PARAMETER FLOW CYTOMETRY 
We used two-parameter flow cytometry to 

analyze about 300 gynecological samples, 100 of 
which contained abnormal cello. Using 
chromomycin-A, fluorescence intensity as a 
measure of cellular DNA content and 90° light-
scatter intensity as a measure of cell size, we ob
tained histograms that describe the cell types in each 
gynecological sample. We can generate an isometric 
view of such a histogram (Fig. 2) by measuring 
chromomycin-A , fluorescence intensity and 90° 
light-scatter intensity simultaneously on each cell. 

Fig. 1 . Micrographs of chromomycin A 3-stained cervical cells—three large epithelial cells and one small white blood cell. Both 
photographs art; of the same n icroscope field; (left) phase Illumination, (right) fluorescent image. 
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Fig . 2 . Histogram of exfoliated human 
ceo . . . . .iglnal cells measured by (law 
cytometry. Two properties of each cell 
were measured simultaneously: height 
rbovo the plane shows frequency of oc
currence, location on the plane reflects 
cell size and DNA content. The surface 
features generated by specific cell types 
are reproducible and can be diagnostic. 
Precancerous and cancerous cells are 
concentrated in the abnormal region and 
can he sorted for microscopic analysis. 

On the histogram, the height above the plane shows 
frequency of occurrence, and the location on the 
plane shows DNA content and cell size. Note that 
both the fluorescence and scatter signals were con
verted to logarithms before they were digitized, and 
a signal twice as intense as another signal is 
separated from it by seven channels. 

We used a flow sorter to identify the cell types 
responsible for particular surface features in the 
two-parameter histogram. Flow sorters use the 
same principles of measurement as do flow 
cytometers, but they separate cells whose 
fluorescence and light scatter fall within a predeter

mined range of values.7 In the LLL sorters, the 
stream carrying the cells breaks up into uniform 
droplets after the fluorescence measurement. The 
droplets can be charged positively or negatively or 
left uncharged, depending on whether or not the 
measurement of fluorescence and light scatter falls 
within a preset range. As the droplets fall through a 
1000-V field, they are deflected according to their 
charge and thus enter separate containers. 

We have sorted the cells responsible for each 
feature in the two-parameter histograms and iden
tified the cell types microscopically with a standard 
Pap stain. Cells were sorted from the region of 
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normal fluorescence intensity (channels IS to 30) 
and intervals of increasing light scatter intensity, 
and the sorted cells were categorized. The percen
tage of each cell type in each sorted fraction (Fig. 3) 
reveals that the peak at low scatter intensity is due 
to leukocytes (white blood cells). The ridge at the 
same fluorescence intensity but increased light scat
ter intensity is due to normal, mononucleate 
epithelial (surface) cells. The saddle between these 
peaks is a region where transformation-zone cells 
give signals. Transformation-zone cells are normal 
cells that grow at the anatomical site where most 
cervical cancers begin. Their presence in a sample is 
a sign that the specimen was obtained from the 
correct region for an accurate diagnosis. Thus, 
signals that appear in the saddle between the two 
normal cell peaks indicate an adequate specimen, 
but the cells are perfectly normal and expected in 
benign samples. 

Signals from abnormal cells (dysplastic, localized 
cancer, or invasive cancer) invariably appear at 

fluorescence intensities greater than channel 28 (see 
Table 1). Abnormal cells comprised from 17 to 34% 
of the cells sorted from abnormal specimens with 
the sorting window set for fluorescence channels 28 
to 35 and scatter channels 16 to 29. This represents 
an average enrichment of fourteenrold times over 
the 2% average frequency of abnormal cells in the 
samples prior to sorting. Thus, a large fraction of 
the abnormal cells display fluorescence and scatter 
intensities in the sorting window, and relatively few 
benign cells display similar intensities. 

AUTOMATED DIAGNOSIS IS 
NOT YET POSSIBLE 

The objective in applying flow cytometry to 
clinical diagnosis is to detect dysplasiic, carcinoma 
in situ, or invasive carcinoma samples based on 
characteristic features in their histograms. The two-
parameter region that is richest in diagnostic infor
mation (approximately channels 30 to 40 in log-
fluorescence and channels 20 to 30 in log-90D light 

100 
I I White blood cell I Transformation-zone cell Epithelial cell 

I 

Preflow 

Log-90° light scatter 

Fig . 3 . Frequency of cell types sorted from normal fluorescence region. A normal gynecological specimen was chromomycin A 3 -stained 
and sorted based on log-fluorescence channels 15 to 30 and three intervals of log-90° scatter. The sorted cells were restained and identified 
cytomorphologically. The frequency vi'each cell type is indicated by "Preflow" for the original sample and by brackets for each sorted frac
tion. The strong correlation between cytomorphology and 90°-light-scattering intervals supports the usefulness of this means of identifving 
cells. 
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scatter) contains signals from abnormal cells at 14 
times the frequency of the sample as a whole. Yet, 
even though only a small fraction of the normal 
cells in a gynecological sample cause signals to ap
pear in that same region, a large percentage of all 
the signals in the region are caused by normal cells. 
The cell types that have been identified '• fractions 

sorted from the high fluorescence region are listed 
in Table 2. These represent a large spectrum of the 
cell types found in gynecological specimens. Many 
of the signals at high fluorescence are caused by 
aggregates of normal cells or by binucleule normal 
cells. These would appear to the flow analyzer to be 
similar to dysplastic, localized cancer, or invasive 

Table 1. Frequency of abnormal cells in fractions sorted from 
regions of high fl' _>rescenc9 intensity.11 

Percentage of abnormal cells 

Cytomorphologic sample diagnosis 

Mild dysplasia 

Moderate dysplasia 

Moderate dysplasia 

Severe dysplasia 

Severe dysplasia 

Original Sorted fractions by channels 

specimen S to 15 !6 to 29 30 to SO 

2.8 0 23.4 17.6 

1.4 0.2 34.4 7.2 

2.8 0.4 24.0 16.6 

2.4 0.2 32.8 4.0 

1.4 0 17.4 2.8 

Chromomycin A.-stained cells were sorted from abnormal samples based on log-fluorescence intensity channels 26 to 35 and 
three intervals of log-90" light scatter iniunsity. Cells were restained for cytomorphological analysis and categorized as normal or 
precancerous. The cytomorphofogic diagnoses shewed that none of the samples was cancerous, but they all contained abnormal, pre
cancerous cells. 

Table 2. Cell types in fractions sorted from regions of high fluorescence intensity." 

Diagnostic category 

Percentage of celts in fraction by channel 

Cell type Diagnostic category S to 15 16 to 28 29 to 50 

Dysplastic Abnormal - precancerous 0.2 34.4 7.2 
Leukocytes Inflammatory - white blood cells 97.8 20.3 15.0 
Transformation*zone Normal 1.0 19.7 3.8 
Epithelial Normal - surface cells 0 14.4 63.8 
Epithelial and leukocytes Normal - cell aggregates 1.0 11.1 11.3 

Total 100.0 100.0 100.0 
Fraction of total sample sorted from 

interval 0.9 2.0 13.1 

Chromomycin Abstained cells were sorted based on log-fluorescence intensity channels 30 to 3S and three intervals of log-90° 
light scatter intensity. Cells were restained for cytomorphological analysis and categorized according to cell type. 
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cancer cells—moderate in size with high DNA con
tent. 

To increase the potential accuracy of automated 
cytological diagnosis, we are searching for new, in
dependent markers that are correlated with 
dysplasia, carcinoma in situ, and invasive car
cinoma. The most promising of these markers is the 
plasminogen-activator enzyme. Our present 
research is directed toward obtaining a fluorescent 
cytochemical probe that reveals the cellular level of 
this enzyme. By adding a third parameter relating 
the plasminogcn-aclivator level to the present two 
parameters, multiparameter flow cytometry should 
be ready for a field trial in actual clinical diagnosis 
of cervical carcinoma. 

LOOKING AHEAD 

Success in automating the cytologic diagnosis of 
cervical cancer may lead to several further benefits. 
The cytochemica! and instrumental advances can be 
applied toward diagnosis of other cancers for which 
cell samples can be obtained (i.e., lung, bladder, or 
prostate). The staining reactions and cytochemical 
insights obtained may also lead to a better un
derstanding of the molecular events involved in the 
transformation of normal, healthy tissue to malig
nant, life-threatening tissue. Such understanding 
would not only be medically beneficial, but would 
also be of significant benefit in understanding the 
processes of mammalian cell growth, development, 
and coi.trol. 

Key IVords: cancer: carcinomas; cells: jlow cytometry. 
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PHYSICAL SCIENCES AND ENGINEERING 

Probing Nuclei With LLL's 
Electron Linear Accelerator 

Linear accelerators help Expand our understanding 
of basic nuclear phenomena. This understanding 
yields many benefits: we can use it to design superior 
nuclear weapons or to improve our knowledge of 
materials for nuclear reactors. We use the LLL 100-
MeV electron linear accelerator—linac—for a 
variety of applications, such as measuring neutron 
cross sections, producing gamma rays to make 
radioactive isotopes, and generating positrons for 
photonuclear experiments. 

The LLL electron linear accelerator—one of our 
basic tools for studying the atom's nucleus—ac
celerates primary beams of electrons up to energies 
of 100 MeV. The electron beams are then directed 
onto one of several kinds of production targets to 
generate secondary beams of neutrons, high-energy 
gamma rays, or positrons. 

Our 100-MeV linac is a source of abundant 
neutrons that simultaneously covers ten orders of 

Contact John B. C ':irr t Ext. 72261 for further information on this 
article. 

magnitude of neutron energy (from 10"' to 10' eV). 
This feature is especially important to those LLL 
programs that depend on a knowledge of neutron 
cross sections. Other types of neutron sources 
produce more intense beams in narrower energy 
regions: for example, the Rotating Target Neutron 
Source produces neutrons in a narrow energy range 
near 14 MeV. However, a linac has the significant 
advantage of making simultaneous measurements 
over a broad neutron energy range at a single 
facility. 

LLL's 100-MeV electron linac belongs to a class 
of accelerators that ranges from srriall medical and 
radiographic machines (with a few-MeV energy 
limit) to the 2-mile-long giant at the Stanford Linear 
Accelerator Center (with an energy capability of 
20 000 MeV). The energy rangt; chosen for a 
research accelerator mainly depends on the charac
teristic energies of the phenomena studied. Thus, 
machines designed for subnuclear particles (such as 
Stanford's linac) need energies in the low thousands 
of MeV. In contrast, machines that search the 
nucleus (such as LLL's linac) use secondary beam 
energies up to about 50 MeV. 

While ultrahigh energies are not needed for most 
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Fig. 1. The Livermore electron llnac. Compacted gravel, 3.7 m thick, shields the aboveground area from the linac's radiation. A thick con* 
Crete block wall isolates the accelerator cave on the right from the experimental caves. In these experimental caves, secondary beams of 
gamma rays or neutrons are produced. A removable converter can be placed at the output end of the accelerator to produce positively 
charged electrons (positrons), which in turn produce gamma rays in the experimental caves. Beam transport systems carry the electrons to 
any of the five neutron- and gamma-ray production areas (four underground, one aboveground}. 

nuclear experiments, we do need high beam power. 
Our linac reaches instantaneous levels of nearly 
1000 MW in the short beam bursts of some experi
ments. Its average beam power is 10 kW under these 
conditions. 

During the 25-plus years of electron linac ex
istence, experimenters in many laboratories have 
applied these machines in research stressing the in
teraction of electrons with nuclei. However, at LLL 
we have used secondary beams rather than such 
primary beams. With our present linac, as well as 
with its smaller (40-MeV) predecessor, we have 
mainly focused on the interactions of neutrons and 
gamma rays with a wide range of nuclei. Our linac's 
primary electron beam serves merely as a con
venient energy source to produce these secondary 
beams. 

LINAC OPERATION 
We placed our linac about 8 m below ground 

(Fig. 1) to contain the intense radiation from the 
secondary beams. An elaborate system of controls 
and interlocks further protects workers from ac
cidental radiation exposure. 

The electrons to be accelerated originate from the 
hot cathode of a pulsed electron gun (Fig. 2). The 
pulse duration can be varied from a few nanosec
onds to a few microseconds, depending on ex
perimental requirements. Our 14-m-long linac ac
celerates the electrons to full energy in seven stages. 

Stage one occurs in the gun, where a high-voltage 
supply accelerates the electrons to an energy of 0.1 
MeV. Electric and magnetic fields subsequently 
focus the electrons in a buncher cavity. This second-
stage system breaks the beam up into millimetre-
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Fig. 2. Schematic of Ihc llnac system. Electron acceleration begins in the gun on the far right of the accelerator cave. In the bunching 
system, faster electrons catch up with slower ones to produce successions of electron bunches. Each of the succeeding waveguide sections 
further accelerates the electron bunches. Klystrons, amplifiers that operate in the microwave region, arc housed above each waveguide to 
provide the microwave power to boost the electromagnetic waves traveling the length of the accelerator. The electrons lock on to these waves, 
which are moving at almost the speed of light. At the output end of the accelerator, the transport system brings the particles to the bending 
magnets (not shown). From here, a primary beam of electrons, or a secondary beam of positrons from a positron converter, ci<" V sent to Ihi 
neutron- or gamma-ray-production areas. 

produces positrons. The positron beam can be 
routed into one of two experimental caves contain
ing gamma-ray-production targets for experiments 
on pholonuclear reactions—interactions of photons 
with nuclei. 

NEUTRON PRODUCTION 

For neutron experiments, we typically operate the 
linac in a mode that produces a primary electron 
beam with an energy of 100 MeV. This beam com
prises 1440 pulses per second of electrons, each with 
a pulsewidth of 10 ns. Magnetic fields guide the 
primary electrons to water-cooled production 
targets of tantalum, which convert most of the elec
tron energy to high-energy gamma rays. We op
timize the target thickness so that a large fraction of 
these gamma rays interacts within the same target 
and produce neutrons from the nuclei. Collimators 
then restrict the neutrons within a narrow, parallel 
beam along one of the nine evacuated pipes, which 
lead lo more than fifteen experimental stations 
below and above the ground. 

Our linac produces a neutron beam with a con
tinuous energy distribution, or a "white" spectrum 
of neutrons. All the neutrons are produced within a 
very brief period, coincideni with the electron pulse 
incident on the production target. Because of the 
velocity distribution of the neutrons produced, such 
a narrow pulse allows us to use time-of-flight 

long bunches by rejecting out-of-phase electrons 
and then accelerates the electrons to a velocity of 
0.985 c (where c is the speed of light) at departure. 

The beam is further accelerated by the elec
tromagnetic waves in the five main linac sections. 
Each of these sections is a 2.3-m-long copper 
waveguide operating at a microwave frequency of 
2855 MHz. Klystrons, housed above each ac
celerating waveguide, supply the necessary 
microwave power, which can be adjusted to control 
the energy gain of the electrons. In the waveguides, 
the advancing electromagnetic wavefronts ac
celerate the electrons. The electrons, which enter the 
first waveguide at 0.985 c, leave the final section at 
0.99999 c and with an energy of about 100 MeV. 

After the electrons leave the waveguides, one of 
two sequences may occur. The primary electron 
beam can be guided straight into a room containing 
a neutron-production target, bent 28° to the left to a 
second neutron-production target (both below 
ground), or bent vertically into a neutron-target silo 
for aboveground experiments. Experimental sites 
can be located in any of nine neutron flight paths 
coming from the target production areas. These 
beam tubes, ranging in length from 3 to 250 m, are 
used to provide energy selection by time-of-flight 
dispersion of the neutrons. 

Alternatively, the electron beam may be inter
cepted by a target of material with a high atomic 
number, such as tungsten or tantalum, which 
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techniques to accurately obtain neutron energies. 
Reliable neutron-induced cross sections are es

sential to a number of LLL programs, both in 
weapons and nonweapons applications. As well, the 
rates at which breeder reactors produce fissionable 
uranium or plutonium isotopes depend on these 
cross sections. Many cross sections, if known at all, 
have large experimental uncertainties, and a better 
definition of them would help us solve a number of 
practical problems. With our linac, we conduct 
numerous cross-section measurements that yield 
basic data for solutions of a variety of problems. 

Fission Cross Sections.We have used time-of-
flight techniques to perform neutron fission cross-
section measurements on various nuclei. In par
ticular, we have measured the neutron-induced fis
sion cross sections of uranium-23S to an accuracy of 
1% for neutron energies of 0.8 through 14 MeV. 
F'jure 3 illustrates the data obtained during a single 
linac experiment. 

The uranium-235 nucleus is especially important 
because it serves as the main fissionable element in 
many reactors and weapons systems and as a stand
ard element for obtaining other fission cross sec
tions. It is in this latter application that we 
measured the fission cross sections of a variety of 
uranium, plutonium, americium, and thorium 
isotopes relative to the fission cross section of 
uranium-235. Flight paths ranged from 15 to 34 m. 
Figure 4 shows the fission cross-section ratio of 
plutonium-239 to uranium-235. Using two similar 
detectors (one each for plutonium and uranium), we 
measured the ratio of the fission rates at a given 
energy. Since we had already measured the fission 
cross section of uranium-235, we could deduce the 
plutonium cross section from this ratio. This 
method was also used for the other isotopes men
tioned above. 

Fission cross sections of many of the 
transplutonic nuclides are extremely difficult to 
measure: the isotopes are scarce, and samples are 
often too small to be measured using conventional 
techniques. Using the 3-m linac flight tube, in which 
the neutron flux is the highest, we recently applied a 
special, highly sensitive technique to measure the 
cross section of a 3-^g sample of curium-245—a 
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sample over 1000 times smaller than those uaed to 
measure the more common fissile elements.' Our 
measurements yielded new results in the neutron 
energy range between 0.01 eV and 35 eV. 

Currently we are measuring the fission cross sec
tion of another transplutonic element, americium-
242m. Its nucleus has an unusually high thermal fis
sion cross section (7 X 10"" m ! ) . We are using a 
specially designed hemispherical ionization cham
ber to detect fission fragments in the presence of 
copious alpha particles from the decay of the 
curium-242 daughter of americium-242m. Without 
the use of the special ionization chamber, these 
alphas would obscure the measurements of the fis
sion fragments. The fission cross-section measure
ments will cover a wide range of incident neutron 
energies—from 0.01 eV through 20 MeV. 

For americium-242ml we are also measuring the 
number of neutrons emitted per fission as a function 
of incident neutron energy, F(E„). These measure
ments cover the energy range from 100 keV through 
20 MeV. The ratio of v for americium-242m to V for 
uranium-235 is about 1.35. We measure v by requir
ing coincidence between a fission fragment delected 
in the ionization chamber and a neutron detected in 
a proton-recoil counter, 

Neutron-Capture Cross Section. In conjunction 
with our neutron time-of-flight techniques, we have 
used several means of detecting the gamma rays 
resulting from radiative-neutron capture. To 
measure total capture cross sections, we used liquid-
scintillator detectors which are sensitive to gamma 
rays but insensitive to Ihe details of the gamma-ray 
spectrum. 

We used this technique to measure the capture 
cross sections of plutonium-239 over broad ranges 
of neutron energy. The capture cross section proved 
to be considerably target than the value obtained in' 
older measurements, which only yielded the cross 
section averaged over neutron energy. When 
plutonium-239 is used for the fuel in breeder reac
tors, it is important that as many neutrons as possi
ble be available for the breeding process. This larger 
capture cross section implies that more neutrons are 
unavailable for breeding. Our result, in conjunction 
with other measurements, was an important con

tribution to the facts lhat led to the decision to stop 
development of the gas-cooled breeder reactor. 

We also measured capture cross sections for gold-
197 and holmium-165, which are useful as capture 
cross-section standards. Measurements on barium-
130, tellurium-128, and tellurium-130 provided 
crucial answers to anomalies in lunar geology 
studies; measurements on osmium-186 and 
osmium-187—used as a radioactive clock to 
measure the age of Ihe solar system—helped make 
astrophysical dating methods more precise. 

In addition to measuring total neutron-capture 
cross sections, we have measured t'.ae details of the 
spectrum of gamma rays emitted during neutron 
capture. The excellent energy resolution of a spec
trometer consisting of a lithium-drifted germanium 
detector with a surrounding sodium iodide anticoin
cidence counter allowed us to determine the inten
sity of individual transitions between stales in the 
excited nucleus. With such information, we could 
test various nuclear models that have been proposed 
to describe Ihe neutron capture process. For exam
ple, recently measured gamma-ray spectra from 
neutron capture on tantalum-181 (at incident 
neutron energies between 2 and 10 5 eV) suggest a 
deviation from the statistical processes usually 
associated with T-decay in heavy nuclei. 

Neutron Total Cross Sections, | n yet another ap
proach to neutron measurements, we determined 
neutron total cross sections. Using the short-beam-
burst (5-ns) capability of the LLL linac, we 
measured high-resolution neulron total cross sec
tions with detectors at the end of the aboveground 
250-m flight tube. Such experiments served as a sen
sitive probe of the validity of the statistical nuclear 
model. For instance, in a recent experiment on the 
closed-shell nucleus of ytlrium-89, it was found lhat 
the beliavior of the neutron-nucleus interaction as 
reflected in the level densities deviated from the 
standard statistical model. 

GAMMA-RAY PRODUCTION 

Our linac also contributes to experiments with 
secondary beams of gamma rays. For example, we 
produce high-energy bremssinihlung to make 
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radioactive isotopes for nuclear medicine. In the 
mode for maximum beam power, our linac can 
provide average beam currents of nearly 1 m A in an 
electron beam with an energy ranging from 30 to 
100 MeV, consisting of 300 pulses per second, each 
with a 3-/is duration. A platinum production target 
is generally used to optimize the bremsstrahlung 
flux. 

High-energy bremsstrahlung has been used to 
produce radioactive isotopes of oxygen and 
nitrogen, which are useful in life-process studies on 
dogs. In particular, these radioisotopes have permit
ted the in vivo monitoring of lung damage resulting 
from ozone inhalation. The decay products of 
nitrogen-13 were detected by a special multiscin-
tillator positron camera built at LLL. Figure 5 
shows the spatial distribution obtained. Preliminary 
results indicated a significant improvement in the 
ability to detect ventilation changes in the lung due 
to ozone inhalation. 

POSITRON PRODUCTION 
In the production of positrons, the primary elec

tron beam strikes a conversion target usually placed 
at the output end of the accelerator. This heavy-
metal (usually tantalum or tungsten) positron-
production target generates bremsstrahlung, and a 
significant fraction of these photons forms electron-
positron pairs in subsequent interactions within the 
same target. The target thickness is chosen to max
imize the yield of positrons. A magnetic beam-
transport system filters 0Ui ail particles except those 
in a narrow, selected momentum band. In some ex
periments, the positrons are accelerated first to 
higher energies before momentum selection is made. 

These positrons are used to ptoduce 
monoenergetic gamma rays for photonuclear 
(photoneutron and photofission) experiments. In
flight positron annihilation in a second converter 
target produces gamma rays with a well-defined 
energy slightly greater than the positron energy. The 
gamma-ray energy can be tuned to satisfy the de
mands of the experiment. Monoenergetic gamma-
ray intensities obtained with this technique at LLL 
have been among the highest in the world. We have 

Fig. 5 . Spatial distribution of nitrogen-13 In a live dog 1* lung as 
"seen" by an Anger positron camera. The colors indicate dif
ferent concentrations of the nilrogen-13 isotope within the lung. 
Time-dependent, local changes In the ventilation caused by air 
pollutants, e.g., ozone, can be detected with (his technique. 

used them in a systematic study of photoneutron 
reactions in about 65 isotopes. 

Our photonuclear program at the 100-MeV linac 
has recently emphasized the study of the fission 
process induced by gamma rays (photofission). In 
collaboration with Los Alamos scientists, we have 
investigated eight nuclei so far: thorium-232, 
neptunium-237, plutonium-239, and five isotopes of 
uranium. Figure 6 shows the fission cross section of 
uranium-238 decomposed into (7, 0 and (7, nf) 
components in the 6- to 18-MeV range. The (7, f) 
notation means that gamma rays impinged on a 
target and that fission resulted (first-chance fission); 
the (7, nf) notation means that fission resulted after 
neutron emission (second-chance fission). By using 
photons to initiate fission, we can study those 
processes in nuclei that are difficult or impossible to 
study with neutron-induced fission. The data from 
Fig. 6, for example, may be used to infer the 
neutron-induced fission cross section of uranium-
237. This inference is necessary because the half-life 
of uranium-237, about seven days, is too short for 
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us to use it as a neutron target. Furthermore, the 
data from pholofission are, in principle, easier to 
compare with the predictions of theoretical models. 

These examples of measurements with the high-
intensity beams of our 100-MeV linac indicate the 
variety of applications made possible by this ver
satile machine. By providing data for both basic 
research and applied problems, this accelerator will 
continue to be a vital tool for our scientific com
munity. 

Key IVortis: electron linear accelerators: Jission cross sections: 
gamma rays—production: linac: linear accelerators: neutron cross 
seclitms: positrons: 
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