
are measured by time-of-flight 
analysis. Such studies show-a quite re- 

Explosions and Dissociations markable result, namely, that very highly 
stripped ions (for instame, XSO+ to Xe35+) 
with extremely high energies of up to 1 
MeV can be produced. For similar charge 

Henry Hutchinson states to be produced from individual atoms 
by electron tunneling would require intensi- 
ties about 1000 times higher than were used. 

There are two mechanisms that might be 
Clusters containing many identical at- absotption or, if the intensity is sufficiently responsible for this behavior. The fim relies 
are of considerable interest because they form high (more than about 101' W ~rn-~) ,  by on the fact that the space-charge attraction 
a bridge between individual a ~ ~ m s  and d- tunneling of the electron through the elec- is sufficient to hold most of the electrons 
ecules on the one h a d  and the bulk d id -  trostadc potential barrier, which has been within the cluster while it is heated to very 
state form of matter on the 6. S t ~ ~ t u r e s  modified by the electric field of the laser high temperatures. This heating process 
of up to many t h d  of atoms can be light. The liberated elecaons cannot easily may be made yet stronger by the collective 
made quite readily, and shldying them gives leave the clusrex and are held by the space- motion of the electrons, the frequency of 
some valuable informaim about how the charge attraction of the parent im. They which decreases as the ionized cluster ex- 
properties of matter change as one pmgresxx are fad to oscillate by the light field, and, pands and passes through a resonant &- 
from a single atom to the soid state. in par- because of the very close proximity of the quency defined by the frequency of the 
ticular, the way in which clusters interact atoms, they collide frequently, receiving tight wave (5 ) .  The result is that the 
with light is of -liar interest because, more energy from the l i t  field by thr: pro- plasma temperature rises to values similar 
although the d b i q  of the atoms is similar cess of inverse breuusmahhg. As a d t ,  to the interior of stars and the system ex- 
to that of the solid, the overall size of the the electrons 4, ultimately, the ions =- plodes mder the enormous hydrodynamic 
assembly is less than the wayehgth of light quire very large a&ounts of energy, resuiting giressure that is generated. 
and so all the atoms see -dally the same in the inevitable explosion of the cluster The second possible mechanism is the 
optical electric field This d f s  in behav- into its electron and ion fragments. swalled Coulomb explosion, which is 
ior that is quite different from atoms or sol- Several studies have been done to try to  how^ to be the mechanism by which small 
ids. In particular, free elewons that are understand-the mechanism by which this b n a i c  molecules dissociate when sub- 
driven by the oscillating electric field of the 1 jected to intense laser 
light wave can e&&t cokctive motion / light. In this mecha- 
producing a d d  pI.giaat" &fie An in- nism, a sficient num- 
&cation of the riaidable interaction be- ber of electrons escape 
tween clusters 4 k@t has wxently been from the cluster for a 
demonsakted by Legius et d. (1) who have high positive charge to 
studied the explosion oP tare gas clusters be buiit up from the 
when irradiated with in temekr  d a d o n .  I d--ly *,-w 

Early b d h i s c o -  ionized atoms. In this 
workers at the Unksity S$'- at Chi- ca~e, the electrostatic 
cagoshowedthat,~c$affersodm&egases 'repulsion is dtcient- 
were irradiated with SfiBIt p & s O f ~ o k  ly high to rip the clus- 
laserradiat ionwithdumkmscl fh~~lp  ter apart and for the 
at very high intensities (>10177JP ad), xays ions to be accelerated 
were generated with intensities tad phoron. to very high kinetic 
energies that were much h igherh  4 be energies. 
expected from individual at~nns (2). Tfxse re- The recent work of 
sul~werequiteunexpected, andEPhocaesetal. Lezius et al. (1) has 
attrihted them to the recoilision of energetic sought to clad+ this 
e h  (which were gxduced by photObn- The curve, of kl& mergy, Distributions of kinetic energy E of xe- qudon  ofthe rehive 
izatian of the atoms) with the atoms within non clusters with dtferent kinetic energy and ion charge. Note the importance of these two 

d m ,  whi& & in- change in dissodiation mechanism for energies around lo4 eV. -bymessur- 
ner atomic shells to eject ekctmns to produce iAdapted from $11 ing both the kinetic 
"hollow" atoms. This work stimulated mterest - 8 energy and the charge 
from other &roups, 1l0t only in the anorrdow absorption and explosion take place (1,s). state of the explosion fragments. The tech- 
x-ray emission (3) but in hammk germation The experimental technique is q&e simple. nique used was time-of-flight mass spec- 
(4) and the h i a t i o n  dynamics of the clus- Clusters of the noble gases (xenon, krypton, trometry m which a stream of clusters of a 
t m  after they are irradiated (1,s) yith. high- and argon) are formed by the adiabatic ex- noble gas is irradiated with a short, intense 
intensity laser llght. pansion of a IGgh-prewme gas through a laser puk and the resulting ions are ex- 

When an intense, short pulse of laser pulsed nozzle or jet. When the gas COOIS cap tracted electrostatically and then allowed to 
light interacts with a cluster, the constitu- idly, the 3to- ipoalesce into clusters, baund drift along a measured flight tube to a detec- 
ent atoms are ionized either by multiphotan together by det WaaE fazes. A short tor. However, in additLon? a unifbrm mag- 

laser pulse of typically 100-fs duration.is fo- netic deflection field was applied perpen- 

The author is at the Central Laser facitity, RuttterkKd cused to an intensity of about 1016 W cm-2 {ilar to the ions' motion, resulting in a 
Appleton Watory ,  milton, ~idcof OX into &e stream of &m. The explwiiim sideways deflection that depends on the ion 
11 OQX, UK. E-mail: h.hutch1hsap6kl.~u.uk . fqjments are d-ed, and their energies charge and its kinetic energy. A measure- . 
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ment of the flight time and the deflection of 
the ions enabies their kinetic energy and 
charge state (X@+) to be determined. 

These results confirmed the presence of 
the highly stripped, very energetic ions ob- 
served previously for clusters with about 
2000 atoms (5) and also provided additional 
information on the acceleration mecha- 
nism. In the case of the Coulomb explosion, 
the energy of repulsion is expected to scale 
as the square of the ionic charge, whereas, in 

the case of hydrodynamic explosions, the 
energy is purely thermal and scales linearly 
as the ionic charge and the electron tem- 
perature. The studies by Lezius et al. of argon 
clusters that contained typically lo5 atoms 
indicated that the dominant mechanism 
was Coulombic but that for xenon clusters 
that each contained about 10 times more at- 
oms, lower charge states (q < 6) were Cou- 
lombic but the majority of the higher charge 
states (q > 10) were produced by a hydrody- 
namic expansion. These results for xenon 
ions of up to q = 30 are summarized in the 
figure and show the transition in mecha- 
nism as the ionic charge and the kinetic en- 
ergy increase. However, the most energetic 
ions with energies approaching 1 MeV ap- 
pear to be produced by Coulomb explosion. 

By the elegant adaptation of a simple ex- 
perimental technique, Lezius et al. have 
demonstrated the complexity of the pro- 
cesses responsible for the dissociation of 
clusters. Further progress will require more 
detailed theoretical models to be developed 
to elucidate further the physical mecha- 
nisms responsible. 
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Microbial Control of Oceanic 
Carbon Flux: The Plot Thickens 

Farooq Azam 

Photosynthesis fixes carbon into organic 
matter in the ocean. Biological forces then 
paint intricate flux patterns for carbon in 
ocean space and in time, as it flows through 
the food web, becomes stored in the sedi- 
ments and exchanged with the atmosphere. 
Predicting how these carbon flux patterns 
might respond to global change (or to hu- 
man manipulation) is a primary reason for 
learning more about the workings of the 
ocean's carbon cycle. The flux patterns are a 
result of intricate interactions of a diverse 
biota with a physically and chemically com- 
plex pool of organic matter. It now seems 
that things will get even more complicated 
before they get simpler. New fundamental 
findings on the roles of microbes in the fate - 
of organic matter and, recently, on the na- 
ture of the organic matter itself ( 1 4 )  must 
be properly assimilated before we can hope 
to construct ecosystem models to predict 
the patterns of carbon flux. This impetus 
could lead to a powerful new synthesis. 

What biological forces act on photosyn- 
thetically produced organic matter in the 
ocean? Historically, the paradigm has been 
that essentially all primary production stays 
within the particle phase ( 3 ,  it is eaten by 
herbivores, and the fate of carbon is deter- 
mined by the "grazing food chain" (see the 

diagram in the figure below). Little dis- 
solved organic matter is s~illed for bacteria " 
to use. It had, therefore, been implicitly as- 
sumed to be safe to ignore bacteria, proto- 
zoa, and viruses in studying the fate of or- 
ganic matter-they were too sparse and not 
active enough (5). This is now changed (5- 
8): Major fluxes of organic matter, often 
eclipsing the grazing food chain in quantity, 
move via dissolved organic matter into bac- 
teria and the "microbial loop" (7, 8) (figure 
below). Previous methods had missed >99% 
of microorganisms and had grossly underes- 
timated their metabolism. Now we know 

from extensive field studies that in most of 
the ocean, organic matter flux into bacteria 
is a major one-half of oceanic pri- 
mary production on average is channeled 
via bacteria into the microbial loop (7,8)- 
a major biological force in the ocean. 

Ocean basin-scale biogeochemical stud- 
ies now routinely quantify organic matter 
fluxes into bacteria in conjunction with 
other major flux pathways: grazing food 
chain, sinking flux, and dissolved organic 
matter "storage." The fraction of primary 
production used by bacteria (F,) is highly 
variable over various time and space scales 
(7-10). The magnitudes and variability of 
the fluxes are large enough to cause variabil- 
ity in flux partitioning between competing 
pathways (see figure below)-the microbial 
loop, the grazing food chain, sinking fluxes, 
and storage of dissolved organic matter (8, 
9). Fish production in the eastern Mediter- 
ranean was diminished by a dominant mi- 
crobial loop (F, = 0.85) (1 1 ). In an earlier 
study (1 2), the richness of the fishery in 

Euphotic zone 

The microbial loop: classical version. Modern view of the pelagic food web, emphasizing the 
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phy, University of California, La Jolla, CA 92093, USA. paths--grazing food chain, microbial loop, and sinking-significantly affects oceanic carbon cycle 
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