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          T
he photoelectric effect, 

the emission of electrons 

from a metal surface af-

ter absorbing light, was 

explained by Einstein’s 

model ( 1), where light 

particles (photons) must have 

a minimum energy (frequency) 

to ionize atoms (see the fig-

ure inset). The number of ex-

cited atoms is proportional to 

the intensity (the number of 

photons delivered). However, 

when the light is supplied by 

very intense, very fast pulses 

from lasers, the number of 

ionized atoms will depend on 

the electric field strength—the 

amplitude of the light seen as 

an electromagnetic wave. This 

change occurs because ioniza-

tion occurs via quantum tun-

neling through the relevant 

energy barrier during a short 

time window near the maxima 

of the electric field ( 2). Isolated 

attosecond pulses ( 3) recently 

enabled studies of the dynam-

ics of tunneling ionization of 

atoms in gases ( 4). On page 

1348 of this issue, Schultze et al. 

( 5) experimentally show that 

atoms in a solid are also ex-

cited via the tunneling process.

To verify the tunneling effect, it is neces-

sary to follow the temporal evolution of the 

energetic electrons within one optical cycle 

(on the order of a few femtoseconds), so 

the probe must be much faster, i.e., in the 

attosecond range. For ionizing an atom in 

the gas phase, it is rather straightforward 

to detect the free electron and the remain-

ing parent ion with a corresponding detec-

tor. Temporal resolution can be achieved by 

adding an additional light pulse, altering the 

electron spectrum as a function of the time 

between the birth of the electron and the 

phase of light field ( 4).

Exciting an electron in a solid from the 

lower energy level (the valence band) to the 

upper energy level (the conduction band) 

requires a much more sophisticated method 

for the detection. At room temperature, 

semiconductors are insulators because no 

electrons populate the conduction band. Un-

fortunately, the temporal resolution of mea-

suring the onset of current flow is too slow to 

follow the changes induced by an ultrashort 

light pulse ( 6). However, populating the con-

duction band with an ultrashort light pulse 

affects the optical properties of a semicon-

ductor, which can be probed by another ul-

trashort light pulse. All optical pump-probe 

experiments have helped to understand the 

dynamics of light-matter interaction ( 7), in-

cluding carrier transport and laser-induced 

damage for very high excitation intensity.

Nonetheless, optical probing has a major 

disadvantage—it is generally not possible 

to distinguish between changes of the elec-

tronic state and lattice contributions. The 

alteration of the optical reflectivity depends 

not only on the number of excited carriers 

but also on the subsequent modification 

of the crystal lattice, band gap, and many 

other parameters. This level of complication 

makes it nearly impossible to study tunnel-

ing excitation with all-optical methods.

Beside these limitations, probing tun-

neling dynamics requires a resolution bet-

ter than one optical cycle. One solution to 

these problems is to use transient x-ray- or 

x-ray–ultraviolet (XUV) absorption spectros-

copy as the probe. The short wavelength of 

the probe pulses both generates the atto-

second pulses and allows x-ray or extreme 
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Tilting in favor of conduction. (Inset, 

lower left) The photoelectric effect 

is wavelength dependent. Longer 

wavelengths (lower frequency may 

only excite valence electrons into the 

conduction band (the example shown 

is for a semiconductor). At some 

minimum wavelength, electrons reach 

the vacuum level and are emitted from 

the surface. (A) Without any external 

perturbation in silicon, only the core 

levels and the valence band are fully 

occupied. Absorbing either a visible 

photon (depicted in red) or an XUV 

photon (depicted in blue) will populate 

the empty conduction band and allow 

current to flow. (B) The band structure 

is modified by the electric field at the 

peak of an intense laser pulse, which tilts 

the energy levels, much like applying an 

external bias. Electrons can now take 

the fast track by tunneling through the 

smaller energy barrier from the valence 

band directly into the conduction band, 

switching silicon immediately from an 

isolator to a conductor. Schultze et al. 

probed the evolution of the conduction 

band population with a delayed XUV 

attosecond pulse; i.e., absorption from 

the core level with an XUV photon to 

the densely populated conduction band 

is now no longer possible. Only more 

energetic XUV photons can be absorbed, 

which transfers electrons into the 

continuum.

Published by AAAS

http://www.sciencemag.org/
http://www.sciencemag.org/


1294    12 DECEMBER 2014 • VOL 346 ISSUE 6215 sciencemag.org  SCIENCE

INSIGHTS   |   PERSPECTIVES

ultraviolet (XUV) absorption spectroscopy 

to distinguish between electronic and lat-

tice contributions. A short-wavelength probe 

photon can only be absorbed if the energy 

exceeds the gap between the well-defined 

core level and the initially free conduction 

band. Populating the conduction band with 

the optical pulse will lower the x-ray absorp-

tion probability because the band is now 

partially filled.

Additional information about the elec-

tronic response can be obtained from the 

observation of a shift of the gap between 

the valence and conduction band, mani-

fested in a shift of the x-ray absorption 

edge. However, x-ray absorption spectros-

copy can provide even more information 

by absorbing a photon energetic enough 

to ionize the atom. The outgoing photo-

electron will interact with the neighboring 

atoms and modifies the absorption prob-

ability depending on the energy. The ab-

sorption spectrum is described within the 

framework of XANES (x-ray absorption 

near-edge structure) ( 8) and provides spe-

cific information about the local environ-

ment of the atom perturbed by the pump 

pulse. Time-resolved x-ray absorption spec-

troscopy with femto- and attosecond reso-

lution offers a much more detailed picture 

about the electronic and lattice dynamics of 

an excited semiconductor than will be pos-

sible with pure optical probing ( 9,  10).

With this powerful spectroscopic tool, 

Schultze et al. studied the intensity-depen-

dent excitation dynamics of electrons in 

silicon in the tunneling regime. For high in-

tensities, the density of electrons in the con-

duction band increased in a steplike manner 

because tunneling excitation was restricted 

to the small temporal window near the pulse 

maximum, which is in excellent agreement 

with their theoretical predictions (see the 

figure). This work begins a new era in solid-

state spectroscopy, showing not only un-

precedented temporal resolution but also a 

reliable and intuitive method to disentangle 

the different mechanisms connected with 

light absorption in a solid.          ■ 
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          I
t has been nearly 25 years since the pub-

lication of Infectious Disease of Humans 

( 1), the “vade mecum” of mathematical 

modeling of infectious disease; the prolif-

eration of epidemiological careers that it 

initiated is now in its fourth generation. 

Epidemiological models have proved very 

powerful in shaping health policy discus-

sions. The complex interactions that lead to 

pathogen (and pest) outbreaks make it nec-

essary to use models to provide quantitative 

insights into the counterintuitive outcomes 

that are the rule of most nonlinear systems. 

Thus, epidemic models are most interesting 

when they suggest unexpected outcomes; 

they are most powerful when they describe 

the conditions that delineate the worst-case 

unexpected scenario, and provide a frame-

work in which to compare alternative control 

strategies. But what are the limits of math-

ematical models and what kinds provide in-

sight into emerging disease?

Most mathematical models for infectious 

disease initially develop a framework to es-

timate R
0
, the basic reproductive number of 

the disease, or the average number of sec-

ondary cases produced by the first infected 

individual ( 1). R
0
 is the central concept of 

mathematical disease modeling. Its utility 

can be illustrated with a simple model for 

the current Ebola epidemic (see the first 

figure). The model suggests that the num-

bers of people dying and how quickly the 

pathogen is eradicated have a nonlinear 

relationship with R
0
 and the speed and ef-

ficiency at which those exposed to Ebola are 

identified and quarantined (see the second 

figure). Thus, where resources are limited 

for quarantine and contact tracing (find-

ing everyone who comes in direct contact 

with a sick Ebola patient), large epidemics 

quickly result. As quarantine delays get lon-

ger, R
0 
increases to its peak value. Once R

0
 is 

bigger than 1, the numbers of people dying 

in the epidemics rise quickly. Plainly, the 

key intervention is to quarantine people as 

quickly as possible, preferably faster than 

the average time to develop symptoms. 

Delays in quarantine quickly increase the 

final size of the epidemic. From a control 

perspective, the key variables to be quanti-

fied are the magnitude of R
0
 and the length 

of time in which infected individuals trans-

mit the pathogen before symptoms appear 

( 2); in the case of Ebola, several days may 

elapse before symptoms appear, so it is es-

sential to quickly isolate contacts to control 

outbreaks ( 3). Notably, this was not the case 

with HIV (and tuberculosis), where people 

were infectious for years and showed no 

symptoms; ultimately this allowed HIV to 

spread globally ( 4).

By using an initial estimate for R
0
 and a 

set of equations that describe the etiology 

of a pathogen, a quantitative framework 

can be developed for population-level in-

terventions such as vaccination. Work on 

measles forms the central core of this area 

of infectious disease modeling; it is based 

on the detailed, spatially explicit, time se-

ries of spatially located cases of measles 

available for towns and cities in the United 
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Quarantine, R0, and the epidemic dynamics of Ebola
 

The efficacy of tracing quarantine can be examined with a simple model in which the host population (N) is divided 

into susceptible, exposed, infectious, quarantined, and recently deceased individuals whose dynamics can be 

described by an expression for R0  [parameters of the model can be estimated from the current epidemic (3)]. 

β, transmission rate; ε, rate of host infectiousness; q, rate of movement into quarantine; δ, rate of sick recovery; 

α, mortality rate of infected hosts. See the second figure and supplementary materials for details of the equation. 

R
0  =  

βNε/(ε + q) (δ + α + q)
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