
before culture being about 20 hours. Tissues
from young individuals yield significantly
more cells per gram and these cells have a
higher proliferative capacity. Intrinsic differ-
ences in growth potential and/or lineage
potential may affect the utility of cell trans-
plantation or other applications for therapy.
Questions relating to the in vitro lifespan of
these cells and the role of telomerase10, as well
as the importance of DNA methylation, still
need to be addressed.

Using cells cultured from embryonic tis-
sues bypasses some of these concerns, but
also raises complex ethical and societal issues.
Careful evaluation and consideration of the
relative merits of post-mortem or adult-
derived cells and fetal progenitor cells will be
necessary.
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Boundary effects

Refraction of a 
particle beam

The refraction of light at an interface is
familiar as a rainbow or the ‘bending’ of
a pencil in a glass of water. Here we

show that particles can also be refracted and
even totally internally reflected, as evidenced
by an electron beam of 28.52109 electron
volts being deflected by more than a milli-
radian upon exiting a passive boundary
between a plasma and a gas — the electron
beam is bent away from the normal to the
interface, just like light leaving a medium of
higher refractive index. This phenomenon
could lead to the replacement of magnetic
kickers by fast optical kickers in particle
accelerators, for example, or to compact
magnet-less storage rings in which beams are
guided by plasma fibre optics.

Refraction is caused by electrostatic plas-
ma fields set up when plasma electrons are

expelled by the collective space charge force
of the head of the beam. The plasma ions in
the beam path are more massive and remain,
constituting a positively charged channel
through which the latter part of the beam
travels. The ions provide a net force that
focuses the beam1,2. When the beam comes
close to the plasma boundary, the ion chan-
nel becomes asymmetric, producing a
deflecting force in addition to the focusing
force. This formation of an asymmetric plas-
ma lens3 gives rise to the bending of the beam
path at the interface.

The order of magnitude of this deflection
can be estimated, yielding an expression for
the deflection angle, U, as a function of the
incident angle, f. This is the effective non-
linear Snell’s law for the electron beam refrac-
tion, valid for f greater than U:

U4(8]Nre)/(p!§2pgsz sinf)

where N/!§2psz is the charge per unit length
of the beam, re is the classical electron radius,
g is the beam’s energy in units of mc 2 and a is
a factor of order one that is a weak function
of plasma density and bunch length. When f
is less than U, this equation breaks down and
the beam is internally reflected. Simulations4

show that Uøf (critical reflection) for small
values of f.

We tested this analytical model by using
the electron beam at the Stanford Linear
Accelerator Center (Final Focus test facility),
as described5,6. Sample results are shown in
Fig. 1 and compared with a full three-dimen-
sional electromagnetic particle-in-cell com-
puter simulation7. In Fig. 1a, the solid curve
represents the prediction from the model
(with a40.2): for incident angles smaller
than 1.3 mrad, the beam appears to be inter-
nally reflected, in agreement with the model.

Figure 1b shows a snapshot of the real
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space of the beam and plasma electron densi-
ty (turquoise) from a simulation. A transient
at the head of the beam is apparent because
of the finite time that it takes the plasma to
respond to the beam. The tail portion is
deflected towards the plasma and is near the
plasma boundary. The transient results in the
characteristic splitting of the beam images
downstream, as shown in Fig. 1c, d.

The simulations and experimental results
presented here show that it is possible to
refract and even reflect a particle beam from a
dilute plasma gas. Remarkably, for a 28.5-
GeV beam that can bore through several 
millimetres of steel, the collective effects of a
plasma are strong enough to ‘bounce’ the
beam off an interface that is one million
times less dense than air.
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Figure 1 Experimental and simulation

results demonstrating refraction of an

electron beam at a plasma–gas interface.

a, Actual electron-beam deflection (cir-

cles), measured using a beam-position

monitor, and the theoretical deflection

(blue line) as a function of the incident

angle. b, Simulation: perspective image of

a beam emerging from plasma

(turquoise); the inward motion of the plas-

ma electrons is visible as a depression in

the plasma surface behind the beam. 

c, Experiment: image of the beam down-

stream of the plasma, showing the

deflected beam and the undeflected tran-

sient (at the crosshairs); d, head-on view

of image in b. The beam consisted of

1.921010 electrons at 28.5 GeV in a

gaussian bunch of length sz40.7 mm

and spot size sxøsyø40 mm. The plas-

ma, with radius 2.3 mm, length 1.4 m

and density 121014 cm13, was created by photoionization of lithium vapour by an ArF laser. The angle, f, between the electrons’ initial

trajectory and the plasma boundary was controlled by adjusting the tilt angle of the final laser-beam mirror.
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