
This protective mechanism has been 
demonstrated in the cyanophyte Gloeo- 
capsa (11). 

Our laboratory findings complement 
field observations made in Thompson 
Lake. As the bloom of Anabaena spi- 
roides proceeds, accompanied by in- 
creased 02 supersaturation, the ratio of 
carotenoid to chlorophyll a increases. 
The phycocyanin content tends to de- 
crease, a phenomenon serving two pur- 
poses. (i) Phycocyanin has been shown 
to be a source of N2 under conditions of 
nitrogen stress (12). (ii) The decrease in 
this pigment aids in minimizing photo- 
synthetic 02 evolution. 

An additional mechanism by which 
Anabaena can maintain optimal CO2 and 
N2 fixation in 02-supersaturated lake wa- 
ter is through a temporal separation of 
these two processes. In the field as in the 
laboratory, CO2 fixation appears more 
sensitive to 02 effects than N2 fixation. If 
integrated under a square meter of lake 
surface, maximum CO2 fixation rates 
consistently precede maximum N2 fixa- 
tion rates as well as maximum 02 super- 
saturation (Fig. 3). The afternoon de- 
pression in CO2 fixation could not be 
linked to a decrease in the inorganic car- 
bon pool, since no significant changes in 
this pool occurred on a diurnal basis. 
Furthermore, an inorganic carbon limita- 
tion was not demonstrated by bioassays 
(13). The total inorganic carbon was 15 
to 20 mg liter-1 in both lakes. 

Sequential optimization of CO2 and N2 
fixation, which can be maintained for 
several months in natural Anabaena 
populations, has a number of advan- 
tages. By separating the optimal rates of 
two light-driven processes in time, com- 
petition for photogenerated reductant 
between both processes is minimized. A 
higher proportion of photogenerated re- 
ductant is allocated to CO2 fixation dur- 
ing morning than afternoon hours. As 
CO2 fixation shows signs of afternoon 
depression, NA plays an increasingly im- 
portant role as a recipient for photogen- 
erated reductant. In effect, during the af- 
ternoons N2 fixation acts as a reductant 
sink, accepting increasing shares of pho- 
toreductant as CO2 fixation becomes less 
able to utilize photosynthetically active 
radiation. The afternoon decrease in CO2 
fixation reduces 02 evolution, which aids 
in minimizing further 02 inhibition of N2 
fixation. Finally, adequate supplies of 
newly fixed carbon skeletons are assured 
in order to accept fixed nitrogen. 
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similarly inhibited during the afternoon 
(14). The ability of Anabaena to divert 
photoreductant to N2 fixation pathways 
during this inhibited period therefore 
represents much more efficient use of the 
total daily energy input. Furthermore, 20 
to 30 percent of the daily Anabaena N2 
fixation occurs in the dark, relying on en- 
dogenous carbon pools accumulated dur- 
ing photosynthetic periods. 

Under thermally stratified conditions, 
surface lake waters often become deplet- 
ed of combined nitrogen, forcing phyto- 
plankton that do not fix N2 to greater 
depths where the supplies of combined 
nitrogen are ample but photosyntheti- 
cally available radiation is not. The abili- 
ty of Anabaena to successfully dominate 
surface waters stems from its capacity to 
utilize N2, to deal with high light in- 
tensity and 02 concentrations, and to 
maximize the efficiency of utilization of 
the total daily available radiant energy. 
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X-ray diffraction has provided impor- 
tant and often unique information about 
the structure of biological macromole- 
cules such as proteins and nucleic acids 
and of macromolecular assemblies such 
as membranes and muscles. In one area 
x-ray diffraction has unfulfilled potential 
of great significance: real-time kinetic 
studies of structures and macromole- 
cules responding to well-defined stimuli. 
With conventional sources such as x-ray 
tubes exposure times are too long for 
kinetic studies. The use of powerful 
synchrotron x-ray sources has reduced 
the required exposure times significant- 
ly, and with the completion of the 
National Synchrotron Light Source at 
the Brookhaven National Laboratory ex- 
posure times as short as a few millisec- 
onds may be possible in x-ray diffraction 
work (1). 

In this report we present x-ray dif- 
fraction patterns of biological structures 
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obtained with a laser plasma x-ray 
source. The exposure time for these pat- 
terns was of the order of 1 nsec. We be- 
lieve that the laser plasma x-ray source 
can be developed into an effective tool 
for structural kinetic studies with high 
time resolution. The important charac- 
teristics of the source that make this ap- 
plication possible are its highly localized 
distribution in space and time combined 
with high spectral brightness (2). 

If a high-power laser pulse is focused 
on a solid, an electron avalanche is driv- 
en by the optical field turning the solid 
into an ionized gas. If the laser pulse is of 
nanosecond duration or less, most of the 
energy absorbed by the plasma cannot 
be transported away from the focal re- 
gion. As a result, very high particle tem- 
peratures are produced in a small region, 
and the plasma exhibits a high degree of 
ionization. At focused intensities of 1014 
W/cm2 or greater, there is significant pro- 
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Nanosecond X-ray Diffraction from Biological Samples 

with a Laser-Produced Plasma Source 

Abstract. By using 4.45-angstrom radiation generated by Cl+ 15 ions in a laser 

plasma and nanosecond exposures, low-angle x-ray diffraction patterns were ob- 
tained from dried rat spinal nerves and a powder of cholesterol. Three to four 400- 

picosecond, 45-joule pulses were required for the exposure. This new technique 
should have wide application in structural kinetic studies. 
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duction of x-rays, an important com- 
ponent of which is line radiation from the 
plasma ions (3). With a proper choice of 
target materials and laser intensity, the 
x-ray line radiation can be concentrated 
in a few narrow lines. For many appli- 
cations little filtering is needed to obtain 
adequate monochromaticity. 

In our studies at the University of 
Rochester's Laboratory for Laser Ener- 
getics (LLE) we used a single-beam 
Nd+3 :glass development laser (GDL), 
which was constructed for engineering 
evaluation studies of systems and hard- 
ware to be employed on the 24-beam 
OMEGA laser under construction at 
LLE (4). The GDL system is being used 
to perform a variety of basic laser-matter 
interaction experiments. The laser is de- 
signed to deliver single pulses of radia- 
tion at a wavelength of 1.054 ,um with a 
full width at half-maximum (FWHM) 
that can be varied between 50 and 600 
psec. Peak pulse powers greater than 
700 GW have been obtained with short 
pulses, and a maximum energy ex- 
ceeding 160 J is available with long 
pulses. A full-power beam divergence of 
100 /trad is measured from the 9-cm out- 
put aperture of the laser, indicating nearly 
diffraction-limited performance. The use 
of liquid-cooled rod amplifiers up to the 
full 9-cm output aperture permits a sys- 
tem repetition rate of two pulses per 
hour, the highest of any such glass laser 

system in operation or under construc- 
tion. Our experiments were carried out 
in a vessel 24 inches (61 cm) in diameter, 
which was evacuated to 1 x 10-" 
torr by a system of oil diffusion pumps 
and liquid nitrogen traps. A schematic 
diagram of the experimental chamber is 
given in Fig. 1. 

Laser pulses enter the chamber 
through an optical window and are 
brought to focus near the tank center by 
anf/3.5 single-element aspheric lens de- 
signed and fabricated at the University 
of Rochester. The laser focal spot diame- 
ter was approximately 100 jtm. A me- 
chanical assembly mounted on a flange 
opposite the entrance window allows 
various targets to be micropositioned in 
or near the focus while the tank is evacu- 
ated. Up to eight different targets may be 
selected on a target wheel without break- 
ing vacuum. 

For our experiments we constructed 
an x-ray diffraction camera that attaches 
directly to the high-vacuum chamber de- 
scribed above. The grazing reflection to- 
roidal mirror is similar to one employed 
by Henke and DuMond (5) but has a 
mean angle of incidence of 0.92?, allow- 
ing a useful level of reflectivity to be ob- 
tained to wavelengths as short as 2.6 A. 
A controlled-environment sample cham- 
ber and a scintillator-image intensifier 
system are included in the camera. The 
40-mm ZnS(Ag) scintillator is located 

125 cm from the laser plasma source and 
is coupled to the Amperex model 
XX1360 25-mm channel plate image in- 
tensifier through a fiber optic reducer. 
The intensifier has an adjustable gain of 
up to 7 x 104 and is housed in a mount 
permitting direct attachment of various 
35-mm and Polaroid cameras. A lead 
disk 1.2 mm in diameter is mounted just 
in front of the scintillator plane to block 
the direct beam from the x-ray mirror. 

Our laser pulses were focused on sa- 
ran targets. Strong resonance line radia- 
tion was obtained from Cl+15 ions in the 
plasma. Most of this line radiation was 
produced at - 4.45 A. A weaker back- 
ground continuum was also produced; 
the softer components were filtered by a 
beryllium foil, while the very hard com- 
ponents were not reflected by the mirror. 

The GDL system was not configured 
for maximum output energy during our 
experiments. Laser pulse energies of ap- 
proximately 45 J with a FWHM of 400 
psec were delivered to our targets. Ap- 
proximately 8 x 1013 x-rays at 4.45 A 
were produced on each shot. To simulate 
the full-energy single-shot capability of 
our x-ray source, our diffraction patterns 
were obtained by summing three or four 
laser shots. 

Our first results with this system are 
shown in Fig. 2. We worked with two 
different samples, a powder of choleste- 
rol (6) and an array of dried rat spinal 

He-Ne laser i\ Alignment 
B 

Target position 
controls 

C 
4th 2nd 

\ i 

Gate valve Image intensifier V VJ 
Sample chamber / </ camera 

Fig. 1 (left). Diagram of the experimental chamber with the attached x-ray 
camera. The He-Ne laser was used to align the x-ray camera. Fig. 2 
(right). Diffraction patterns obtained with a laser plasma x-ray source. (A) 
The arrow points to the first-order (34.9 A) diffraction ring from a 30- to I I I l I 
50-,Lm-thick powder of cholesterol (6). Three 400-psec laser pulses with a 50 X 100 X oo 100 X 50 A 
total energy of 118 J were used. The pattern was recorded on Polaroid 410 film. The high level of background noise is due to integration of 45 
seconds of dark current because the intensifier was manually gated. The white streak above the first-ordering is an artifact. The bright region around the central beam stop is due to x-rays scattered by the toroidal x-ray collector and not completely baffled. (B) Polaroid 410 photograph of second-order diffraction from dried rat spinal roots (7). The diffraction is due to the 170-A repeat period in the myelin membranes around the 
axons of the nerve. Four 400-psec laser shots with a total energy of 190 J were used to obtain the exposure. (C) Densitometric scan of another 
diffraction pattern of dried rat spinal roots. The original exposure was obtained on Kodak 2475 film. Four 400-psec pulses with a total energy of 
191 J were used to obtain the exposure. The second and fourth orders from the myelin membranes are labeled. The dip at o is due to the central 
beam stop. 
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roots (7). The powder was dried from so- 
lution on a 50-/tm beryllium foil to a 
thickness of 30 to 50 ,tm. The nerve fi- 
bers were removed from freshly killed al- 
bino rats and air-dried under slight ten- 
sion. Twenty fibers were mounted in par- 
allel to cover the full aperture of the x- 
ray beam. Fiber thicknesses ranged from 
30 to 100 ,m. 

The samples were placed in vacuum 
approximately 5 cm from the scintillator 
plane. A stop was placed in front of the 
samples to limit scattered x-rays in the 
camera system (5). Although this was 
adequate to permit observation of the 
diffraction in this case, a smaller stop 
will be used in the future to more fully 
eliminate the bright feature in the center 
of the patterns. 

The sharpness of the first-order dif- 
fraction ring from cholesterol (34.9 A) in- 
dicates that our camera was in good fo- 
cus. The diffraction from the spinal roots 
is due to the 170-A repeat period in the 
myelin membranes. The more diffuse 
second- and fourth-order diffraction 
spots from the nerve are probably due to 
structural imperfections produced during 
drying and mounting. We believe that 
the use of wet samples with improved or- 
dering, along with straightforward im- 
provements in our x-ray diffraction 
camera, will enable us to obtain patterns 
with much improved detail on a single la- 
ser shot. 

Many kinetic experiments in organic 
and inorganic systems are possible. In 
particular, photoresponsive membranes 
such as the rod outer segment (8) and the 
purple membrane of Halobacterium ha- 
lobium (9) seem ideal for study by low- 
angle x-ray diffraction techniques with 
the laser plasma x-ray source. In a typi- 
cal experiment a laser-generated optical 
pulse would stimulate the sample. Then, 
with delays ranging from nanoseconds to 
milliseconds, the laser plasma-generated 
x-rays would interrogate the sample. X- 
ray diffraction patterns of the evolving 
structure would thus be obtained. 

Other studies are possible and clearly 
important. Membrane systems with pre- 
dominantly one protein, such as the 
postsynaptic membrane of the electric 
organ of the Torpedo californica elec- 
troplax (10) or the sarcoplasmic reticu- 
lum of muscle (11), should be suitable for 
study. Examination of contracting mus- 
cle (12) would be possible. The prospect 
of low-angle x-ray scattering by macro- 
molecules in solution (13) with the added 
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lecular structures such as ribosomes and 
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nucleosomes, and the folding of proteins 
might be studied. 

The power and energy of large laser 
systems continues to increase. At the 
same time the mechanisms of the laser 
light-matter interaction are becoming 
better understood. We are confident that 
in the near future the laser plasma will 
produce a sufficient flux of x-rays to give 
single-shot subnanosecond x-ray dif- 
fraction patterns of high quality for struc- 
tural kinetic studies. 
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Laboratory for Laser Energetics, 
University of Rochester, 
Rochester, New York 14623 
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vanillic acid in the cerebrospinal fluid was observed. 
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