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One potential application of these arrays 
is as field emitter arrays for vacuum micro- 
electronic devices. The possibility that large 
arrays can be self-assembled using simple 
thin-film processes without the need for ex- 
pensive lithography makes them interesting 
for the field emission display industry (14). 
Currently, metal field emitters are fabricated 
using an elaborate process [the Spindt pro- 
cess ( 7 ) ] involving photolithographic defini- 
tion of individual emitter wells and the sub- 
sequent deposition of the refractory metals to 
form the periodic arrays of emitters. An in- 
trinsic feature of the Spindt process is the 
need to cany out expensive micrometer- or 
submicrometer-scale photolithography, which 
is not cost-effective for large-area displays. To 
explore the feasibility of field-assisted electron 
emission, we obtained PEEM images from 
these arrays under an applied field of 30 kV1cm 
and ultraviolet light of energy -5 eV. Because 
the surface work function of PdO, is -3.9 eV 
(15), the tips were expected to emit electrons 
under these conditions. The PEEM image (Fig. 
4A) shows a distribution of bright spots with a 
typical spacing of about 1.5 to 2.5 pm, whlch is 
consistent with the spacing of the tips as mea- 
sured from AFM images (Fig. 4B). The less 
bright spots are perhaps emission from the edg- 
es of the tips. Analysis of bright-field patterns in 
the PEEM images reveals the bright-field spot 
density to be -47 X lo6 tips/cm2. This result is 
consistent with the density of tips determined 
from the AFM images for the same sample, 
which we estimate (number of tips of average 
height and above) to be -46 X lo6 tips/cm2. 
This density of tips or field emitter cones is well 
within the specifications for current field emis- 
sion displays, which require -6 X lo6 tips/cm2 
(based on current density of 1 pA) for each 
subpixel (50 p.m by 300 pm) for a 15-inch 
SVGA monitor (14). To fiu-ther justify the use 
of these tips as field emission arrays, we have 
controlled the tip-to-tip distance, their aspect 
ratio, and the tip radius by controlling the thick- 
ness and grain size of the starting Pd film. 
Finally, these emitters can be gated using a 
scheme similar to that used for Si field emitter 
arrays (5). 
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Generation of Femtosecond 
Pulses of Synchrotron Radiation 
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Femtosecond synchrotron pulses were generated directly from an electron 
storage ring. An ultrashort laser pulse was used to modulate the energy of 
electrons within a 100-femtosecond slice of the stored 30-picosecond electron 
bunch. The energy-modulated electrons were spatially separated from the long 
bunch and used to generate -300-femtosecond synchrotron pulses at a bend- 
magnet beamline, with a spectral range from infrared to x-ray wavelengths. The 
same techniq,ue can be used to generate -100-femtosecond x-ray pulses of 
substantially higher flux and brightness with an undulator. Such synchrotron- 
based femtosecond x-ray sources offer the possibility of applying x-ray tech- 
niques on an ultrafast time scale to investigate structural dynamics in con- 
densed matter. 

An important scientific frontier is the applica- 
tion of x-ray pulses to investigate ultrafast 
structural dynamics (atomic motion and rear- 
rangement) associated with phase transitions in 
solids, chemical reactions, and rapid biological 
processes. The fundamental time scale for such 
motion is an atomic vibrational period, on the 
order of 100 fs. Such dynamics have been 
investigated to date primarily with visible 
pulses from mode-locked femtosecond lasers 
(1) that probe only extended electronic states 
providing indirect information about atomic 
structure. X-rays, on the other hand, interact 
with core electronic levels and can therefore 
provide direct information about atomic 
structure. Rapid advances in our understand- 
ing of condensed matter structure at the atom- 
ic scale have been driven by modem synchro- 
trons providing high-brightness x-ray beams 
(2). However, the time resolution available 
from synchrotrons is nearly three orders of 
magnitude too slow to probe atomic motion 
within a single vibrational period. Recent 
efforts at applying x-rays to probe structural 
dynamics have used a synchrotron source 
combined with a picosecond-resolution x-ray 
streak camera (3) or relatively low brightness 
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subpicosecond x-ray sources based on laser- 
produced plasmas (4, 5), laser-driven diodes 
(6) ,and relativistic Thomson scattering (7, 8). 
We demonstrate the generation of femtosec- 
ond pulses at a synchrotron beamline using 
femtosecond laser pulses (9),  which is a 
promising approach to extend the time reso- 
lution of high-brightness synchrotron x-ray 
sources to 100 fs and will enable the study of 
structural dynamics through time-resolved x-
ray diffraction, extended x-ray absorption 
fine structure (EXAFS), and related x-ray 
spectroscopies using pump-probe techniques. 

The duration of x-ray pulses generated by 
synchrotrons is determined by the duration of 
each stored electron bunch, typically >30 ps. 
Storage of ultrashort bunches of appreciable 
charge in a ring is problematic because of in- 
stabilities arising from bunch-induced wake 
fields (10). However, short electron bunches 
can exist in a storage ring for a limited time. We 
demonstrate experimentally that a femtosecond 
laser pulse can be used to create femtosecond 
time structure on a long electron bunch through 
energy modulation of an ultrashort slice of the 
bunch. Femtosecond synchrotron pulses (with a 
spectral range extending from infrared to x-ray 
wavelengths) are then generated from the ultra- 
short electron slice. As the modulation rapidly - .  
dissioates because of the dvnamics of electrons 
with& the storage ring, bunch 

pletely recovers between laser interactions. Fur- 
thermore, because the modulation is created by 
a femtosecond o~tlcal pulse, there is dJsolute 
synchronization between the x-ray probe pulses 
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Fig. 1. Schematic of 
the laser slicing meth- 
od for generating fem- 
tosecond synchrotron 
pulses. (A) Laser in- 
teraction with elec- 
tron bunch in a reso- 
nantly tuned wiggler. 
(B) Transverse sepa- 
ration of modulated 
electrons in dispersive 
bend of the storage 
ring. (C) Separation of 30 6s electron bunch 
feitosecorid synchro- 
tron radiation at the 
beamline image plane. 

and a convenient pump source for triggering 
dynamic processes. 

The bunch modulation is accomplished by 
co-propagating a femtosecond laser pulse with 
the stored electron bunch through a wiggler 
(Fig. 1A). The high electric field of the femto- 
second laser pulse (-lo9 V m-') produces an 
energy modulation in the underlying electrons 
as they traverse the wiggler (electrons are ac- 
celerated or decelerated depending on the opti- 
cal phase 4 seen by each electron at the en- 
trance of the wiggler). The optimal interaction 
occurs when the central wavelength of the 
spontaneous emission from an electron passing 
through the wiggler, As = A,(l + K2/2)/2yZ, 
satisfies the resonance condition As = A,, 
where A, is the laser wavelength, A, is the 
wiggler period, y is the Lorentz hctor, and the 
deflection parameter K = eB,A J21~mc (where 
B, is the peak magnetic field of the wiggler, e is 
the electron charge, m is the electron mass, and 
c is the speed of light). In addition, the trans- 
verse mode of the laser beam must match the 
transverse mode of the spontaneous radiation 
from the electron passing through the wiggler, 
and the laser smctral bandwidth must match the 
spectrum of the fundamental wiggler radiation 
ave rad  over the transverse mode. Under these 
condizons, the electron energy modulation AE 
is given by (9) 

where A, is the laser pulse energy, M, is the 
number of wiggler periods, M, is the laser 
pulse length in optical cycles [measured full 
width at half maximum (FWHM)], A, = 
4. lahvLK2/(2 =t K2) is the energy spontane- 
ously radiated by a single electron passing 
through the wiggler (11), a is the fine structure 
constant, h is Planck's constant, and v, = CIA,. 
The nonzen, electron beam size is accounted 
for by the coefficient qmit - 0.7 in our case 
(12). We estimate that a 2 5 4  laser pulse 
(FWHM of the intensity) with a photon energy 
of 1.55 eV and a pulse energy A, = 100 pJ will 
produce an energy modulation amplitude A,!? - 
9 MeV with a wiggler of 19 periods. 

If the energy modulation of the ultrashort 
electron slice is several times as large as the 

electron beam energy spread, then the modulat- 
ed electrons can be spatially separated from the 
rest of the electron bunch, in a diqersive bend 
of the storage ring, by a transverse distance that 
is several times the horizontal size of the elec- 
tron beam (Fig. 1B). F i l l y ,  by imaging the 
synchrotron radiation from the displaced elec- 
trons to the experimental area, femtosecond 
x-rays can be separated from the long pulse 
with an aperture (Fig. 1C). As the electron slice 
is created through interaction with the laser 
pulse, the duration of the synchrotron radia- 
tion produced by these electrons will be ap- 
proximately the same as the laser pulse du- 
ration. Furthermore, the extraction of an ul- 
trashort slice of electrons leaves behind an 
ultrashort hole or "dark pulse" in the core of 
the electron bunch. This dark pulse will ap- 
pear in the generated x-rays and can also be 
used for time-resolved spectroscopy. 

Our experiments were conducted at the Ad- 
vanced Light Source (ALS) storage ring oper- 
ating at E = 1.5 GeV [with a root-mean-square 
(mu) beam energy spread u, = 1.2 MeV (1311 
using a wiggler with M, = 19 periods, A, = 
16 cm, with the gap adjusted to provide a 
deflection parameter of K = 13. Femtosecond 
pulses (laser pulse duration 7, = 100 fs, A, = 
400 d, A, = 800 nm, and laser repetition rate 

f, = 1 kHz) from a Ti:sapphire laser system 
(14) were synchronized to the storage ring mas- 
ter clock with phase-locking techniques (15) 
and directed into the main vacuum chamber to 
co-propagate with the electron beam through 
the wiggler. Following the interaction region, a 
mirror deflects the fundamental spontaneous 
wiggler emission and the laser beam out of the 
storage ring to enable direct measurements of 
the temporal and spectral overlap and the spa- 
tial mode matching between the laser pulses 
and the wiggler radiation. 

The efficiency of the interaction between 
the laser and electron beams was monitored by 
measuring the gain in the laser pulse energy. 
This gain is equivalent to the single-pass gain of 
a &-electron laser and is optimum under the 
same mode-matching conditions described 
above. The measured spectral dependence of 
the laser gain (Fig. 2A, using unamplified puls- 
es from the laser oscillator) as a function of the 
wiggler emission wavelength (adjusted with the 
wiggler gap) was compared with the calculated 
gain based on known parameters of the electron 
beam (12, 16). The agreement between the 
calculated and measured gain indicates that, 
under proper conditions, the maximum energy 
exchange indicated by Eq. 1 can be achieved. 
Figure 2B shows the gain of the amplified laser 

time (ps) 

Fig. 2. (A) Measured and predicted (solid line) gain in the laser oscillator pulse energy as a function 
of wiggler tuning A,, with A, = 780 nm. (B) Measured gain in the amplified laser pulse energy as 
a function of time delay between the laser pulse and the electron bunch (solid line is a Gaussian 
fit with a = 16.6 ps). 
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pulses as a function of the relative time position 
between the laser pulse and the electron bunch. 
This is an accurate measurement of the electron 
bunch length and indicates a duration of 39-ps 
FWHM (at a bunch current of -3 mA). Typical 
gain measurements with the amplified beam are 
-50% of the expected value, and this is thought 
to be the result of slight phase-front distortions 
in the amplified femtosecond laser pulses. 

Following interaction with a femtosecond 
optical pulse in the wiggler, the temporal and 

eV photon energy) from the beamline was 
imaged onto a nonlinear optical crystal, along 
with a delayed 50-fs pulse from the laser 
system. Photons at the sum frequency were 
counted as a function of delay between the 
modulating laser pulse (propagating through 
the wiggler) and the laser pulse used for cross 
correlation. An adjustable knife edge located in 
the beamline at an intermediate image plane 
provides a means for selecting radiation orig- 
inating from different transverse regions of 

spatial evolution of the electron distribution the electron beam. 
within the bunch was determined bv the char- A series of cross-correlation measurements 
acteristics of the ALS storage ring iattice. The was made at various knife-edge positions, in 
spatial distribution of the central region of the units of the rms horizontal beam size u, (Fig. 
electron bunch (Fig. 3), following propagation 
from the interaction region to the bend magnet, 
was calculated from known lattice parameters 
(12). The time-of-flight properties of the stor- 
age ring cause electrons with AE < 0 to 
follow a shorter path and therefore accumu- 
late toward the head of the bunch, whereas 
electrons with AE > 0 follow a longer path 
and accumulate toward the tail of the bunch. 
Similarly, the dispersion properties of the 
ring cause a horizontal displacement (hx -X 

4). Measurements of the central core of the 
synchrotron beam (Fig. 4A) reveal the femto- 
second hole or dark pulse that is created be- 
cause of the acceleration and deceleration of 
electrons by the laser pulse. The bright pulse is 
measured with the knife edge at the 30, posi- 
tion (Fig. 4B) such that the central core of the 
beam is blocked. Measurements at 40, (Fig. 
4C) reveal a similar femtosecond synchrotron 
radiation pulse that is shifted slightly later in 
time, and they demonstrate that the laser pulse 

&) of the energy-modulated electrons. The provides at least a 6-MeV (hx = 40, corre- 
horizontal separation of electrons occurs only in sponds to AE = 50,) energy modulation to a 
particular resons of the storage ring with non- femtosecond slice of the electron bunch. 
zero dispersion, whereas the temporal separa- The solid lines in Fig. 4 are based on the 
tion is cumulative around the ring and gives rise model calculation of the electron bunch dis- 
to a stretching of the ultrashort electron slice. tribution shown in Fig. 3. We additionally 

Femtosecond synchrotron radiation pulses 
are generated from the horizontally displaced 
electrons, whereas the absence of electrons in 
the central region of the bunch gives rise to a 
"dark" femtosecond pulse. The time structure 
of the temporally incoherent synchrotron radi- 
ation is directly determined by the time struc- 
ture of the electron bunch and is invariant over 
the entire spectrum of the synchrotron emis- 
sion, from infrared to x-ray wavelengths. We 
directly measured the time structure of the vis- 
ible synchrotron emission using cross-correla- 
tion techniques. Visible synchrotron light (-2- 

account for the measured transverse profile of 
the visible synchrotron light at the image 
plane, which exhibits non-Gaussian tails be- 
yond 30,, due to the limited collection aper- 
ture of the beamline optics. This diffraction 
of visible wavelengths accounts for the rela- 
tively large background levels in the mea- 
surements shown in Fig. 4, B and C, but is not 
an issue at x-ray wavelengths (1 7). At x-ray 
wavelengths, the dominant contribution to the 
background is nonspecular scattering from the 
beamline optics. Such scattering can be mini- 
mized so that the integrated flux in a 100-fs 

Fig. 3. Model calculation 
of the electron bunch 
distribution (as a func- 
tion of horizontal dis- 
placement Ax and time) 
at the radiating bend 
magnet, following inter- 
action with the laser 
pulse in the wiggler, and 
propagation through 1.5 2 0 
arc sectors of the stor- 
age ring. "'I -i 

-1000 -500 0 
time (fs) 

x-ray pulse is -10 times the integrated flux of 
the 30-ps pulse from which it is extracted (18). 

A peak energy modulation of AE = 6.4 
MeV is assumed for the model calculation 
shown in Fig. 4 and is essentially the only free 
parameter &ide from an amplitude scaling of 
the signal. The energy modulation is consistent 
with that predicted by Eq. 1 with the measured 
laser pulse energy q d  duration, with an inter- 
action efficiency of -50%, as indicated by the 
measured gain. The agreement between the the- 
oretical predictions and the experimental mea- 
surements (including the amplitude of the dark 
pulse, the time shifts of the bright pulses, and 
the signal-to-background ratios) indicates that 
the model can be confidently applied to predict 
the characteristics of the femtosecond x-rays 
and their dependence on experimental condi- 
tions. The location of the bend-magnet beam- 
line used in these demonstration experiments is 
less than optimum because of the distance from 

delay (fs) 

Fig. 4. Cross-correlation measurements of the 
synchrotron pulse duration for various knife- 
edge positions: (A) radiation collected from 
-3u, to  30 , (B) radiation collected from 3ux 
to  80,, and [c) radiation collected from 40 to  
80,. Solid lines are from the model calculafion 
shown in Fig. 3. 
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the wiggler in which the interaction between 
laser and electron occurs. For a bend magnet 
located immediately following the wiggler (as 
shown in Fig. l), the stretching of the electron 
distribution due to time-of-flight effects will be 
reduced by a factor of 3, resulting in an x-ray 
pulse duration of -100 fs. In addition, the 
temporal structure of the electron distribution 
will give rise to the emission of a single-cycle 
infrared pulse (A, - 120 pm) that is spatially 
and temporally coherent (12, 19). 

The average flux and brightness of the fem- 
tosecond x-rays can be determined from the full 
bearnline flux and brightness scaled by three 
factors: q ,  = T~/T, ,  q2  = fLlfB,and q 3  - 0.2, 
where T, and T, are the laser pulse and electron 
bunch durations, respectively; f, and fB are the 
laser and electron bunch repetition rates, re- 
spectively; and q, accounts for the fraction of 
electrons that are in the proper phase of the laser 
pulse to get the maximum energy exchange 
suitable for creating the large transverse sepa- 
ration. Synchrotron radiation damping provides 
for recoverv of the electron beam between in- 
teractions. As the laser interacts sequentially 
with each bunch. the time interval between 
interactions is given by N,/f,, where NB is the 
number of bunches in the storage ring. Further- 
more, because the bunch slice is only a small 
fraction of the total bunch, an interaction inter- 
val of -3 ms [30% of the storage ring damping 
time (13)] is sufficient to allow recovery of the 
electron beam between laser interactions (9). 
Thus, with 300 bunches in the storage ring, 
femtosecond x-rays can be generated at repeti- 
tion rates as high as 100 kHz without adversely 
affecting the other beamlines at the ALS. On 
the basis of the known parameters of an ALS 
bend magnet and undulator at a beam energy of 
1.9 GeV (13, 20), with q,q,q, - lop8 (for 
example, laser pulses of 25 fs, 100 pJ at 20 
kHz), we expect an average femtosecond flux 
from a bend magnet of -lo5 photons s-I per 
0.1% bandwidth (BW) (for a collection angle of 
1 mrad) and an average brightness of -4 X 1 0' 
photons s 1  mad-' rnm-' per 0.1% BW at a 
photon energy of 2 keV. For an ALS small-gap 
undulator, the average femtosecond flux is 
-10' photons s-' per 0.1% BW, and the av- 
erage brightness is -10" photons s- l mradC2 
m m  ' per 0.1% BW at a photon energy of 2 
keV. 

The generation of femtosecond x-rays is an 
important capability for third-generation syn- 
chrotron sources and promises to be a powerful 
tool for investigating ultrafast structural dynam- 
ics in materials. As this approach creates fem- 
tosecond tune structure on the electron beam. 
standard radiating devices (bend magnet, wig- 
gler, or undulator) can be designed to emit 
femtosecond x-ray pulses with the desired 
properties (bandwidth, tunability, brightness, 
and so forth). The x-ray flux and brightness 
levels available from such a femtosecond syn- 
chrotron source will enable a wide range of 

x-ray techniques, including diffraction and 
EXAFS, to be applied on a 100-fs time scale to 
investigate atomic motion associated with 
phase transitions in solids, making and breaking 
of bonds during chemical reactions, and possi- 
bly ultrafast biological processes. 
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A Class of Microstructured 
Particles Through Colloidal 

Crystallization 
Orlin D. Velev,* Abraham M. Lenhoff, Eric W. Kaler 

Microstructured particles were synthesized by growing colloidal crystals in 
aqueous droplets suspended on fluorinated oil. The droplets template highly 
ordered and smooth particle assemblies, which diffract light and have remark- 
able structural stability. The method allows control of particle size and shape 
from spheres through ellipsoids to toroids by varying the droplet composition. 
Cocrystallization in colloidal mixtures yields anisotropic particles of organic and 
inorganic materials that can, for example, be oriented and turned over by 
magnetic fields. The results open the way to controllable formation of a wide 
variety of microstructures. 

The study of colloidal crystals has provided 
important fundamental insights into colloidal 
forces and self-organization (1,2), and the crys- 
tals have promise as precursors for advanced 
materials. Closely packed crystals display a 
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number of potentially usable characteristics 
such as light diffraction and photonic band gaps 
( 2 4 ) ,  high packing density and surface-to-vol- 
ume ratio, maximal structural stability, and high 
catalyt~cireactivity throughput. A major barrier 
to technological application of these structures 
is the lack of methods 
for mounting or shaping the crystals into usable 
solid objects. 

Here we describe a method to template 
closely packed colloidal crystals into porous 
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