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Colliding Beam Fusion Reactor 
Norman Rostoker, Michl W. Binderbauer, Hendrik J. Monkhorst 

Recent results with Tokamak experiments provide insights into the problem of magnetic , 

confinement. They demonstrate how to avoid anomalous transport and thus solve the 
major problems of Tokamak reactors: size, the production of 14-megaelectron volt 
neutrons, and maintenance. An alternate confinement system, the field-reversed con- 
figuration, confines beams of protons and boron-1 1. For the proton-boron-1 1 fusion 
reaction, the fusion products are all charged particles for which direct conversion is 
feasible and neutron flux is negligible. 

F o r  more than 40 years, research toward a 
fusion reactor has been pursued in most of 
the industrialized countries of the world. 
During the last 30 years, most of the re- 
sources have been focused on the Tokamak, 
culminating in the International Thermo- 
nuclear Experimental Reactor (ITER), 
which will cost about $10 hillion (1) .  The 
Tokamak has heen a research facility of 
great value, but a reactor based on this 
concept has three major disadvantages. 

1)  Magnetic confinement in such a re- 
actor is much less effective than expected. 
The phenomenon of anomalous transport 
leads to a large minimum size for adequate 
confinement. This limit implies a minimum 
plant size of about 10 GW. 

2) The deuterium-tritium fuel yields 
most of its fusion energy in the form of 
14-MeV neutrons, which create a great deal 
of radioactivity. Low-activation materials 
have heen suggested to reduce this prohlem, 
but it is not certain that thev can be devel- 
oped with adequate physical properties. In 
addition, the 14-MeV neutrons cause radi- 
ation damage to materials. The neutron 
flux must be less than about 2 MW m-' for 
the first wall to have a reasonable lifetime. 
Then, massive shielding is required to pro- 
tect the superconducting magnets. 

3 )  The Tokamak is toroidal. Therefore, 
the construction of the coils, vacuum sys- 
tem, and so forth make maintenance diffi- 
cult and expensive. 

Alternative concepts have been pro- 
posed to solve one or more of these proh- 
lems. We descrihe the concept of a colliding 
beam fusion reactor (CBFR) ( 2 ) ,  which in 
principle solves the three problems of size, 
neutrons, and maintenance. 

Minimum Reactor Size 

In a Tokamak (Fig. I ) ,  the plasma has a 
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strong toroidal magnetic field, produced by 
the coils, and a poloidal field, produced hy 
the toroidal current in the plasma. The 
resultant field is helical. Particles in this 
field, to first approximation, follow the field 
lines with a small radius of gyration ahout 
the field line. The collective hehavior of 
many particles in such a plasma results in 
modes of oscillation that may grow, that is, 
instabilities. Long-wavelength oscillations 
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must he stable or the plasma will escape 
magnetic confinement in a few microsec- 
onds. There are short-wavelength oscilla- 
tions that cannot he stahilized because they 
are due to, for example, a density gradient 
that is fundamental for isolation of the plas- 
ma from the material walls. Such oscilla- 
tions will grow and saturate to a nonlinear 
limit, which leads to a spectrum of fluctua- 
tions. The fluctuations are called anoma- 
lous because thev are much greater than 

CZ 

would he expected from discrete particle 
effects. The fluctuations lead to anomalous 
transport, which is a collective effect, 
whereas classical transnort involves two- 
body Coulomb scattering. 

The containment time of a plasma is 7 = 

R2/2D ( 3 ) ,  where R is the minor radius of a 
Tokamak plasma and D is the diffusion 
coefficient. The classical value is Dc = 

~ , ~ / 7 , ~ ,  where a, is the ion gyroradius and T,? 

is the ion-electron scattering time. The 
Bohm diffusion coefficient attributed to 
short-wavelength instabilities is DB = (11 
1 6 ) ~ , ~ f l , ,  where 0, is the ion gyrofrequency. 
For fusion conditions (particle density n = 

10" cm-?, temperature T = 100 keV, and 
magnetic field B = 100 k c ) ,  DB - 1 0 9 ' .  
If Bohm diffusion prevails, R must be very 
large in order to have an adequate contain- 
ment time for fusion. In early experiments 
with toroidal confinement. Bohm diffusion 
was consistently ohserved. The fusion effort 
would surelv have been terminated were it 
not for the work of Artsimovich, who 
proved that the containment time was T - 
100R2/2DB. Recent experiments with Toka- 
maks suggest that 7 = R2/2D, - 10Q2/2DB 
is possible, in which case the minimum 

dimension of a reactor would be reduced 
from meters to centimeters. These exper- 
iments involved the injection of energetic 
beams (about 50 keV) in order to heat the 
plasma in the large Tokamak experiments 
(4)  at Princeton, General Atomic, and the 
Joint European Torus in England. In ad- 
dition, the Joint European Torus was used 
for experiments with a burning plasma in 
which energetic fusion products such as 
tritium (about 1 MeV) were followed. In 
all cases, energetic ions from ahout 100 
keV to 3 MeV slowed down and diffused 
classically, although the containment time 
of the thermal plasma was anomalously 
short. The energetic beam ion density was 
about 1% of the density and 10 to 100 
times the mean enerpv of the ions of the 
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thermal plasma. The  physical reason for 
the classical behavior of the energetic ions 
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was that such ions have a large gyroradius 
a,, and they average the fluctuations so 
that only wavelengths larger than a, cause 
anomalous transport. The  large orbit ions 
are insensitive to the short-wavelength 
fluctuations that cause anomalous trans- 
port. This interpretation is supported by 
comDuter simulations 15). These results 
leadAto the conjecture ;hat if most of the 
ions in a plasma were energetic, classical 
transport (6)  would prevail if long-wave- 
length modes were stable. 

The problem is how to make such a 

Fig. 1. Tokamak design and typical part~cle orbit. 
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plasma. The density of the injected beam in 
Tokamaks was increased. It was found that 
there is a threshold beam density above 
which the beam drives Alfvkn modes in the 
background plasma; these long-wavelength 
modes cause anomalous beam transport (4) .  
Earlier attempts to make such a plasma by 
injecting and trapping energetic beams also 
failed hecause of instabilities with a low 
threshold beam density (7). However, the 
field-reversed configuration (FRC) (Fig. 2 )  
was successful (8). 

Research into the FRC design started at 
the Naval Research Laboratories around 
1960; it was also studied at Los Alamos 
National Laboratory (1975 to 1990), and 
there is a current experiment at the Uni- 
verslty of Washington. The contained par- 
ticles (Fig. 2 )  in the FRC normally follow 
betatron orhits, which are typical In accel- 
erator physics rather than plasma physics. 
The orbits with v, < 0 (the diamagnetic 
direction) always curve toward the null sur- 
face, where the magnetic field vanishes. 
This result ohtains for particles of different 
charge, mass, or energy, so that their orbits 
always overlap. Such overlap is important 
for fusion reactions to take place and \vould 
not be the case for a constant magnetic 
field. The drift orhits have v, > 0 and 
\vould not be contained. They rotate in a 
direction opposite to the betatron orbits, 
and the radial magnetic field at the ends of 
the plasma produces a Lorentz force that 
expels these particles. In typical experi- 
ments at Los Alarnos, the ion gyroradius 
was ahout half the plasma radius, and ahout 
half of the current was carried by energetic 
Ions. 

The FRC is surprisingly stable. Various 
magnetohydrodynamic (long wavelength) 
instabilities that had been predicted do not 
occur. This plasina is physically different 
from previously studied plasmas, which are 
dominated hy small gyrorad~i~s part~cles and 
are described by rnagnetohydrodynarnics 
(MHD). It is the starting point for the cre- 
atlon of a plasma with classical transport. It 
is already halfway there because the average 

gyroradius is about half the size of the plas- 
ma. Injecting and trapping beams should 
increase the fract1011 of large orbit ions he- 
cause the particles are better contained. Ex- 
citation of long-wavelength modes hy ener- 
getic ions is not expected, otherwise the 
FRC could not have been formed: There are 
no Alfven waves or other MHD modes to 
excite. 

Radioactivity 

The nuclear fuels that can be used in an 
FRC reactor include deuterium (D) and 
tritium (T)  

D + T + cw (3.6 MeV) + n (14.1 MeV) 
(1 

which produce a particles and neutrons. 
The reactivity (ov) = 8 X 10P1%ln' sP1 
has a broad peak at a temperature of about 
100 keV. This is the only reaction that has 
been considered seriouslv because of its 
large reactivity and because the fuel has 
atomic number Z = 1, which implies the 
least radiation loss. However. most of the 
energy is produced in 14.1-MeV neutrons, 
which ilnolies that induced radioactivit~r 
will be a serious prohlem, and conversion of 
the neutron energy to electric power will 
involve heat management, turbines, and so 
forth, and an efficiency of not more than 
40%. 

The reaction 

D + 'He + CY (3.7 MeV) + p (14.7 MeV) 
( 2 )  

producing a particles and protons, can be a 
considerable ilnprovernent over D-T, but 
the reactivity (av) = 2 x 10P1%m3 sP1 at 
200 keV is much less, and neutro~ls are 
produced by secondary D-D reactions. 

The reaction of protons with boron-1 1 

p + "B + 3a (8.7 MeV) ( 3 )  

produces no radioactivity, and radioactiv- 
ity from side reactions is negligible. The 

u u 

reactivity has a broad peak if the energy of 
the proton relative to "B is 580 -C 140 
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\ 
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Fig. 2. Field-reversed configuration with typ~cal particle orbits 

keV. If the temperatures of the proton and 
llB beams are much less than 140 keV, the 
reactivity can be even greater than it is for 
D-T. The energy produced per reaction is 
half as much as that for D-T; however, 
direct conversion of particle energy to 
electric power is possible at an efficiency 
that is more than twice that of heat con- 
version. For a thermal p-llB reactor, the 
electrornag~letic radiation energy is greater 
than the nuclear energy produced, and a 
reactor that produces net energy is possi- 
ble only if the conversion efficiency IS 

nearly 100% (9).  However, by maintain- 
ing the relative energy of the protons and 
llB to maximize ( o v ) ,  the nuclear energy 
pro~iuced is much greater, and recent re- 
search indicates that this process 1s possl- 
ble in an FRC. Prel~ininary designs of D-T, 
D-'He, and p- l lB reactors have heen in- 
vestigated ( 1  0).  

Maintenance 

Tokarnak reactors are expensive and diffi- 
cult to maintain because of their toroidal 
design. The confined plasina in the FRC 
has a toroidal geometry, but the reactor is a 
linear system (Fig. 3): All of the compo- 
nents can be mounted on rails and easily 
separated for repairs and maintenance. 
Therefore, such a reactor should prove to be 
much easier and less expensive to maintain 
than a Tokamak. 

Issues and Solutions 

Confinement of the energy of electrons. The 
electron temperature must be maintained 
at a high level (tens of kiloelectron volts), 
or the proton beam slo\vs down too rapid- 
ly. If there is significant plasma density at 
the first wall, electron transport of energy 
becomes important, reducing the electron 
temperature. The hearn plasma equil~bria 
that have been studied involve a reduc- 
tion in plasma density at the wall of ahout 
10 orders of magnitude compared to the 
peak density (10). Thus, there is a broad 
insulation reeion (a  vacuum) hetaeen the 
plasma and the wall. In addiiion, the plas- 
ma has a positive charge, so that electrolls 
are electrostatically confined by electric 
fields of the order of 10 kV cmP1. In a 
steady-state reactor, the fusion nroduct 
plasrk extends heyond the fuel Elasma. 
However, the FRC configuration has a 
natural diverter surrounding the fuel 
plasina because the lllaglletlc field lines 
.beyond the fuel plasma are open (Fig. 2). 
Particles that reach the open field lines 
rapidly scatter out of the plasma re- 
gion into the direct converter generators 
(Fig. 3). 

Reactivity of the p-"B reaction. In order 
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to exploit re.;on,Ince in a srea~ll--$rate 
reactor. ~t is nece.;iary to mainta111 the  
proton anil 1iori)n l ~ e a m s  at  a n  average 
energ\ ci~ffereiice of 582 k e y ,  In aciii~tion, 
the  temperature5 i)f t he  heam5 muct he 
iul~stantially lea\ thii11 14L7 ke\'. T h e  pro- 
ton lieam 1s <lo\\ eil i i i~\\-n hv the  elect run^ 
and the  boron lieam. T h e  boron be, i~n,  on 
the  other  hand. 15 slieecleii up 111- the  
proto11 heam ancl the  e lect ro~ls .  I11 ailill- 
t ion, the  \?earn temperatures are increasec~ 
I~ecause of scatterin?, most ~myort,lntlv 
the  scatter~n. of the  p r i ~ o n  heam by the  
l~oi-on beam. T h e i r  k ~ n e t ~ c  effects iirlve 
the  yl;iama to\varil thermal eiluilibrlum. 
Nex-ertheles.. ~r I S  pos?ihle to  e x p l o ~ t  the  
re5L)l1al1ce. 

It  is 11111~rtalit to aillust the  illel nllx to  
1111nimi:e I~remiatra1111111~ r a L i ~ a t ~ ~ i ~ 1  a n J  
i c ~ t t e r ~ ~ l ?  bec,iuie the  atomlc number Z of 
horon 1s 5 .  T h e  t u s ~ i ~ n  tiower denqir1- 1s 
proport~onal  to  11, i l , ( ( ~ i  ), \\,here i l l  is t he  
proton cien.;lt>- ai-ici 11: is the  I ~ ) r o n  dens~ ty .  
T h e  r , i i l~a t~on  i yroyor t~onal  to  (11, + 
Zii:)(ii. + z ' i ~ ~ ) .  T h e  acatterlng heats the  
proton h e a ~ n .  There  I S  a l w  a coolin: etiect 
hecause elecrrons are cooleii 1.v r a i l ~ a t ~ o n  
anil electrons cool the  proton beam. T h ~ s  
effect I >  \veil kl-iii\vl~ 111 acce1er;itor y h y \ ~ c s  
( I  1 ). T h e  tern1 most se~- i \ i r~ve to il-iil, 1s 
((TI'). \vhich depends stl.oilglr on the  
proton lieam temperature. For example ~f 
n./iil IS iihout L7.DC35 m i l  11, -- 4 X 12" 

- - 4  clll . the  temperiiture ia Tc -= 7? Lei? for 
electro~ls ki11d TI ;= 1 5  kc\' for l~ r i i ton \ .  
Then .  (01 ! -=- 8 X 1 C " '  em '  s l ,  the  5a1ne 
as the  m ~ s ~ m ~ u l l  reactlT-lry for ii D-T  

Fig. 3. Aii,st's concep- 
t,or, 3f 1 CO-MY\! beair 
'LISIGI~ 'eac?or. T.?e 111- 
verse e ) ' c ~ o ~ ~ o ~ i  s ndl- 
cilteC! a! rPe er,c's 3i  iiie 
generators the sze s n -  
d~zated io* a 53-l\Jbl: 
3~ t3u:. 

thermal reactor. 
It 12  al io necessari- to  ~ l l a i l ~ t a i l ~  the  

average 1-alues of a:i~nuthal bean1 \,?loci- 
tles I],, = 11, (for protons) anci t8,  = I,? (for 
1 ~ r o l - i )  so th,it ( l i ? ) in , ( z  , - t':)' = 589 
kc\,.. In addition to  the  fuel ylas~nii ,  IS 

necessiry to consider the  fusion y roc i~~c t  
plaama, \ ~ h i c h  conal.rs of select~vely con- 
fil-ieci u par t~cles  (1 2 ) .  Particles with t8,, < 
I? (FI.;. 1) ;ire c o ~ ~ t ~ l - i e d  ii.inii par t~cles  \v~ t l i  
I, ,  > d are releaied proml~t ly ,  so that  the  
c o n t ~ n e d  w particlei carry a current ciom- 

to the  current of the  fuel lil,isma. 
I11 adi l i r~c~n,  the  conta~l-ied ol ~ i a r t ~ c l e s  
11a1.e angular momentum.  There  can be ,I 

5 ~ ~ 1 1 f ~ c a l l t  transter of ~ l i ~ ~ i l l e i l t ~ ~ ~ l l  ti) t he  
protons bv meall.; o t  c o l l ~ s ~ o n i ,  ~ v h i c h  keel- 
tlleill f(To111 slon.111~ cion 11. Fine-tuning can  
1.e a c c o ~ ~ ~ ~ ~ l ~ i l - i e d  bv col-itlnuou\ly 111~ect111g 
the  fr1c.1 protons a t  a n  energv that  1s larger 
or c~l- i~~l ler  th,in the  cles1:n enere\-. It I \  

more d i f f i c ~ ~ l t  to  keep the  Iioron fro111 
speeding uy as a rezult of c o l l ~ s i o n ~  1 ~ 1 t h  
the  protons and a particle.;. T h ~ s  p roh le~n  
c,il-i be l i re~entecl  by i ~ l j e c t ~ l l g  10x1 -energy- 
yrcirons, nhicl-i couple r r o ~ l g l v  11-ith the  
hi)ron but ~ l n t  I\ it11 the  l-i~gh-energ\- parti- 
cles. T l h ~ c  process I-eclulre\ o ~ l l v  a lc>\\- den-  
s ~ t y  of low-energv protons, so that the  
~n\ .e , , tme~l t  is tr i \ .~al.  T h e  lo\\--e~-ier:\. pro- 
tons n o ~ ~ l c l  be subiect to  a~-io~nalous tr,ii-is- 
port, s o  that  the\- \viould no t  he cnnrai~led 
lo119 enouyh to increase t h e ~ r  ellel-gy slg- 
~l l f icant ly  by collision proces,,es ( 1  3 ) .  I t  we 
L ~ ~ S L I I I I C  that  t ,  anci t are constant,  elec- 
tr~~n- on c o l l ~ \ ~ o n s  n-111 affect the  a:imuth- 
a1 electroll \.eliic~ty z N c  and therefore the  

c l~ r ren t ,  h remss t rah lu~~g ,  anci o ther  param- 
eters. I n  a steady state. the electroll ~ e l o c -  
it\- 1 ~ 1 1 1  reach a coniyro~nise hetn.een t8 

and i l ,  that  is, tc = ( n , t j ,  + ri,Z'bl)/(izI + - - 
> I - _ - ) ,  \ v h ~ c h  tvill 1.e closer to q .  Th15 
effect reiiucea the  net  c~~rrei - i t  and the  
energy transfer fro111 fuel protoil:: to elec- 
trons. T h e  net  c~lrrer-ir 1s called the  011- 
ka\va current ( 1 2 ,  13 ) .  

Eiit.~g> t.xt~nction. D ~ r e c t  converters in- 
~-olvil-iq collector (14)  and 1-enetlan 
b111lJs ,ire not s1.1itah1e for fi~sloll procluct 
1ona tv1t1-i el-iergieb a1.o~-e 1 MeV. Several 
ti-tie5 of inverse accelerators l-i,ive 1~eel-i , 

5tud1ed fol- the  111~11-energy 1011s. 
In  rl-ie conceptual design of the  D-'He 

reactor "Arteil-ii,,," a travel~l-i.;-wave ilirect 
con\-erter (15)  for 14-MeV protoils was 
Lies~gneil ~ v i t h  a11 efficiency o t  75'";). T h e  
d e ~ r ~ c e  i,, 3C m lo1-i.;. Peniotron and Gyro- 
troll ciinvertera ( 16)  guide f u s ~ o n  product 
I O I ~  illto a micron.ave cavity to  generate 
155-MHz i~iicrowaves: recr~fyin? antelinas 
produce ;I dc o ~ ~ t p u t .  Eff~ciellcy as high a \  
92"ii is prolecteil. T h e  c , iv~ty d i~nens~on . ;  
are 1.5 111 by 1.5 111 hy 10 111, and a mag- 
netic I ~ e l d  of 101  kG 1. ~nvo l~-ec l .  

\Y7e have proposed an  ii11,erse cyclotron 
( 13. 17) that operates at a liorver freqr~ency 
(al-out 5 MHz) and reqmres a m ~ ~ c h  srllaller 
m+yletlc fleld (ahout 6 k G )  (Fig. 3). T h e  
11near m o t ~ o n  of tusio1-i proci~~ct  ~ i ) n s  is con- 
\-erteci to clrcu1,ir lnotioli by a magnetic 
c ~ ~ s t i .  T h e  clrcular mori i~n illakes the der-lee 
muc1-i shorter tl-ian a 11near clevice. Collec- 
tors are also used for l.artlcle5 w1t1-i energy 
leis t11~i11 1 h/le\'. 
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p l l B  (IS). Spin po1ari:atlon o t  the fuel 
n-ould ( 13) increase Q tor the p- ' '6  reactor 
to 4.3, alld a further increase may result 
from the nuclear q~~adrupo le  moillent ( 1 9 )  
of "R. T h e  iles~gn o t  a li?O-L,l\XI (electric) 

mpact of Lower Atmospheric 
reactor- (13) has bee11 considereid o n  the  
hasis of Q = 4.3 h\- arsuming a converter 

Carbon Dioxide on Tropica 
efticiency o t  17.9 for ct particlei, C.4 for 
radiation, anL1 17.7 tol. accelerators. T h e  coils 

Mountain Ecosystems 
ale assumeci to 13e .upelconductuio and to 
,ustam l,,,iglIctlc t l c ~ ~ ,  ot a l ~ o l L r  102 LC; F. alayne Street-Perrott," Yongsong Huang,-;- R. Alan Perrott, 
T h e  dimensions of Flo 3 are based o n  t11e.e Geoffrey Eglintsn, Philip Barker, Leila Ben Khelifa, 
ca1~llldtli)llb. ~6ug las  El. Harkness, Daniel 0 .  Olago$ 

T h e  mall1 empliasis of f ~ ~ s i o n  research to  
ciate has been o n  the D-T Toliarilak be- 
cause of the  large value o t  Q. Such a value 
makes the  design of such a reactor 111~ih 
easier and much leis denendent o n  exotic 
technolog~es .  From t h ~ s  research has come 
most of the  collsiderahle body o t  kno'ivl- 
edge required tor fuslon reactors, ~ncluLi~ng 
the  l-eha1-1c-ir of 1-earns, n-Illc11 forms the  
baris o t  our present research. T h e  purpoae 
of this arcicle has been to indicate ailother 
ontlon tor t ~ ~ s l o n  reactor c i e ~ . e l o ~ ~ m e n t ,  
based o n  the  l--"B reaction. In the  light ot 
recent d~scol-eries a l ~ o u t  the  clas>ical be- 
ha\-ior of hlg11-energ~- par t~cles  ( d ) ,  tlie 
p-"B reactor seems l ~ o s s ~ h l e  ,rnd has many 
engineering advantages concer~ l ine  size, 
radioactivitr, a n 3  maintenance. 
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Carbon-isotope values of bulk organic matter from high-altitude lakes on Mount Kenya 
and Mount Elgon, East Africa, were 10 to 14 per mil higher during glacial times than they 
are today. Compound-specific isotope analyses of leaf waxes and algal biomarkers show 
that organisms possessing C0,-concentrating mechanisms, including C, grasses and 
freshwater algae, were primarily responsible for this large increase. Carbon limitation due 
to lower ambient CO, partial pressures had a significant impact on the distribution of 
forest on the tropical mountains, in addition to climate. Hence, tree line elevation should 
not be used to infer palaeotemperatures. 

M o s t  ertuilates o t  the c o o l ~ ~ l g  ot  tropical 
land areas at the last glacial masimum 
(LGLI) arc incomyat~l-le (1) ~vi th  the much 
smaller decrease in sea-surtace temperature? 
(53'C) estimated horn n l i c ro f~~s~ i l  assem- 
'lages 111 deep-sea cores b7- CLILIAP (2). For 
example, pa la~orco lo~ ica l  el-lcience tor a 
general descent o t  the upper tree line by 
120C to 1722 111 o n  the tropical high inoun- 
tams at the LGb1 ha5 17ee11 ~ ~ s e d  to inks  a 
cooling of 5" to l?"C, on the assumptions 
that temperature was the lnam control on 
the fL11-est lililit and that env~ronmental lapse 
rate. have remained coilstant t h r i ~ ~ ~ g h  tillle 
(3). O n e  possil>le problem with this InteiTre- 
tation, I-~co~ve\.er, is that glaci,~l <~ridity (4), 
ultr,~\.lolet-B racilatic~n (j), and arnl:ient 
coilceiltratlons of CO, (6. 7 )  may also ha\-e 
influenceci altitudmal :onation. Here \\:e 

i h o ~ v  that changes in the l ~ r t l a l  pressure of 
a t m o ~ ~ h e r ~ c  CO, (pCOZ)  had a s ~ ~ ~ ~ i f ~ c a ~ ~ t  
i~npact  on tropical mo~ui ta in  ecosystems. 

.At the LG41, pCO, n7as reduced to a 
le\.el of 190 to ?CC yatm,  compared with its 
pre-~ndustrial level of 373 to 383 pa tm (3). 
T h e  ecophyslolqlcal ettects of this large 
decrease in CO,/O. r x i o  lnav have been - - 
esacerbatecl 1-7. a imall increase in atmo- 
spheric O1 contcnt,  resulting troln an  en- 
hanced burial rate o t  orgaliic carbon in the 
qlaclal ocean (9 ) .  Plants nrhose tirst proiiuct 
of photosynthesis is a three-carbon acid, 
that is, the  Cj plants, i ~ ~ c l ~ i i l i ~ ~ g  almost all 
trees and most slirul~s, 14-oulii hal-e heen 
disadvantaged h ~ .  lncreaseil photorespira- 
tion ( i 9) and l?hyslological drought (1 1 ) :  
C, plants, includmg Inany troplcal savanna 
grasses anci sedges, possess a CO,-concen- 
tratlilg mechanism, making them more ef- 
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