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Experimental Demonstration of Dynamic Focusing of a Relativistic Electron Bunch
by an Overdense Plasma Lens
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Dynamic focusing of a 3.8 MeV electron bunch, a few collisionless skin depths long -3c/car, by an
overdense, thick plasma lens has been demonstrated. Because of electron inertial effects, the head of the
bunch is virtually unaffected by the lens while the rest is focused to varying degree. Time-resolved mea-
surements performed 3l cm downstream of the plasma lens show that, in time, the bunch pinches from
an initial size of 2.7 mm (FWHM) to about 0.57 mm and then expands, in reasonable agreement with

theory.

PACS numbers: 52.40.Mj, 41.75.Ht

In recent years, there has been a growing interest in the
accelerator physics community to explore plasma based
lenses [1] and accelerators [2]. In principle, a plasma
lens can provide an azimuthally symmetric, focusing gra-
dient of —100 MG/cm, exceeding that of conventional

quadrupole lens by several orders of magnitude [3]. In-

creasing the focusing gradients of conventional lenses is

one of the main challenges for the future colliders where
beams of extremely small spot sizes and high luminosity
are required at the interaction point [4). However, be-

cause the colliding bunches [4,5] in these machines are
short ((10 ps) and nonuniform in time, the focusing
process would be highly dynamic if a plasma lens is uti-
lized. In this Letter, such dynamic focusing of a 3.8
MeV, 25 ps (FWHM) long electron bunch by an over-
dense plasma lens (nt, «np where ns and np are the bunch
and plasma density, respectively) has been demonstrated
for the first time.

The basic concept of a plasma lens is as follows [6]: As
a relativistic electron beam enters a plasma, the plasma
electrons charge neutralize the beam on a I/top time
scale, where tap is the plasma electron frequency. How-

ever, if the collisionless skin depth (e/cop) is larger than
the beam radius, most of the axial plasma return current
flows on the outside of the beam, and the beam current is

not fully neutralized. Consequently, the beam pinches
[7] radially due to its own magnetic field. This is in con-
trast to the "active" plasma lens [8] (e.g., a z-pinch plas-
ma) where the focusing magnetic field is due to an exter-
nally driven plasma current. Experimentally, relativistic
electron beam self-focusing and guiding in plasmas have
been observed [9]. In most of these experiments, howev-

er, the plasma length was much longer than the betatron
oscillation wavelength [)Ltt 2ttrol(21/1~) 'l where ra is

the beam radius, and I and I~ are the beam and Alfven

currents, respectively]. As a result, the beam undergoes

multiple, large amplitude, transverse oscillations which

lead to transverse emittance growth [10]. Eventually, the
betatron oscillations are damped due to a spread in the
betatron wavelength [11] (phase mixing), and the beam
attains an equilibrium radius which has been previously

measured [9,12]. For the plasma lens to be useful, the
plasma column, must be shorter than X&/4 to prevent the
degradation of the beam emittance which ultimately lim-

its the minimum spot size. In this experiment, the focal
length of the plasma lens was longer than the length of
the plasma column. In analogy to an optical lens, the

plasma lens imparts a radially symmetric, inward kick to
the azimuthally symmetric bunch which brings it to a
focus outside of the plasma. The only other reported
plasma lens experiment [13] has demonstrated a very
limited focusing, less than a 20% reduction in spot size,
and with no temporal resolution. In this Letter, we report
the results of an experiment ~here the dynamic focusing
process, which leads to a factor of 4 reduction in trans-
verse bunch size, is time resolved.

The experiment was performed with a laser driven, .
photocathode RF accelerator [14] which produces 25 ps
long, 3.8 MeV electron bunches at 1 Hz containing up to
1.5 nC per bunch. The electron bunches were transport-
ed to the plasma chamber located 2 m downstream of the
gun with a focusing solenoid at the exit of the accelerator
and four steering magnets along the beam line. The plas-
ma chamber which was filled with Ar gas up to a pressure
of 20 m Torr was connected to the RF gun (p ( 5 x 10
Torr) through a windowless, two stage differential pump-

ing system. Each pumping stage consisted of a low con-
ductance tube followed by a turbomolecular pump. Since
the beam encountered no windows, the beam emittance
was not degraded due to multiple scattering. The plasma
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FIG. l. (a) Schematic drawing of the experimental setup,
and the axial positions of the phosphor screens (PSl-PS4) and

the Cherenkov radiator (CR). (b) Measured temporal profile
(normalized) of the electron bunch, and the calculated profile
(normalized) of the focusing force for n~ =4&&10'2 cm
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(n„(6 x 10' cm, k T, = 2 eV) was produced by an
RF discharge in a glass tube (diam of 1.7 cm, length of
12 cm). The RF amplifier (10-20 MHz, 800 W) was
connected via a capacitive tuning circuit to a helical an-
tenna (5.5 cm long, 12 turns) wrapped on the outside of
the glass tube. The pulsed (t,„=5ms, t,fr=195 ms)
plasma was diagnosed by a small cylindrical (diam of
0.76 mm, length of 2.5 mm) Langmuir probe which was
calibrated against a 62.5 6Hz microwave interferometer.
The shot-to-shot fluctuations of the plasma density were
measured to be less than 5%. The axial plasma density
profile was also determined independently by measuring
the emission intensity profile of the Ar+ (480 nm) line,
details of which will be published elsewhere. The plasma
which was not confined by an external magnetic field had
a fiat-top (0.8 cm) radial profile, and a bell-shaped axial
prohle (hz =7.5 cm FWHM). The plasma was collision-
less (ruz&) v,„and rbv, „=0.01, where v,

„

is the plasma
electron-neutral collision frequency [15] and rb is the
bunch length). Therefore, the plasma return currents
were not influenced by the plasma electron-neutral col-
lisions. Because of the short bunch length, the eA'ects of
neutral gas on the beam electrons were also negligible
(v;,„«1/rb, where v;, „

is the collisional ionization fre-
quency [16]).

The electron bunch was characterized with a variety of
diagnostics [Fig. 1(a)] which include the following: four
retractable, linear phosphor-coated screens (PS 1 to 4)
both upstream and downstream of the plasma chamber
for spot size measurements, three retractable Faraday
cups (not shown), a current transformer (not shown) for
nondestructive measurement of beam charge, and a

Cherenkov radiator (CR) downstream of the plasma for
time-resolved spot size measurements. The electron

bunch, which initially contained up to 1.5 nC of charge„
was scraped by the two low conductance tubes. Up to 0.6
nC (I~,. k

~ 20 A) was transported to the plasma

chamber as independently measured by the Faraday cups
and the current transformer. Because of the low energy
(y=7.5) and the high charge (Q ~ 0.6 nC) of the bunch,

the bunch transport was space charge dominated

[0.2 & (emittance force)/(space charge force) ( 1.3]. To
estimate the bunch emittance, the transverse bunch size

was measured at 1'our axial positions (PSI-PS4) for

different bunch currents (I = 2 to 20 A). With the emit-

tance as the fit parameter, the measured transverse beam

sizes are fitted by the solution of the beam envelope [17]
equation with space charge. A normalized emittance of
about 10irmmmrad gives the best fit (within 10% of
data), which agrees very closely with PARMELA simula-

tions. At the entrance of the plasma lens, the bunch has

a transverse time-integrated dimension of 2.3 mm

FWHM and is radially expanding; i.e., the bunch is not

at a waist. The transverse bunch profile can be approxi-
mated roughly as a Gaussian (cr, = 1 mm and nb (5
&&10' cm «n„). Since k~o, &0.4 where k~ is co~/c,

most of the plasma return current [18,191 flows on the

outside of the beam, and the beam magnetic field is not

fully neutralized.
Space- and time-resolved profiles of the bunch are ob-

tained by streaking the Cherenkov light from a 500 pm
thick fused-silica radiator which is mounted on a retract-
able shaft 31 cm downstream of the plasma lens. The
temporal resolution of the combined streak camera and

the Cherenkov radiator system is less than 5 ps FWHM.
The Cherenkov radiation generated when the beam

traverses the radiator is imaged onto the 100 pm vertical

slit of the camera yielding a vertical resolution of 33 pm.
Figure 1(b) shows the normalized temporal profile of the

beam in the absence of the plasma. Using this measured

temporal beam profile, the exact temporal profile of the

focusing force can be calculated from the plasma wake-

field solutions [5,18] which incorporate electron inertia

and plasma return currents. A typical profile of the cal-
culated transverse wake field for n~=4x 10 cm is12 —3

shown in Fig. 1(b). At the head of the bunch (- first

1/co~), the focusing force is essentially zero The foc. using

force increases in time and reaches its maximum near the

tail. Figure 2(a) shows the streaked image of a vertical

slice through the center of the beam in the presence of
the plasma. For analysis, the streaked image is divided

into 5 ps wide (resolution of camera) vertical strips.
Each strip is integrated in time to obtain the vertical

beam dimension (FWHM) which are then plotted versus

time along with the peak intensity in Fig. 2(b). As pre-

dicted, the head of the beam is virtually unaffected by the

plasma. In approximately 20 ps, the beam focuses from

about 2.7 mm to 0.57 mm. Consequently, the peak inten-

sity increases by a factor of 13 (saturation effects in the
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FIG. 3. (a) Time-integrated bunch image with no plasma
taken 21 cm downstream of the plasma. (b) A vertical lineout
of the image in (a). (c) Time-integrated bunch image in the
presence of the plasma. (d) A vertical lineout of the image in

(c).
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FIG. 2. (a) The streak image of the bunch taken 31 cm
downstream of the plasma. (b) The FWHM and normalized
peak intensity of the bunch as a function of time extracted from
the streak image (points). The calculated temporal profile is
also plotted in red.

streak camera reduce the measured peak intensity by
about 20%). At later times, the beam is overfocused as
the focusing force increases. Since the lens has a time-
dependent focusing force, the focal length of the lens is

not unique. DiA'erent axial parts of the beam come to a
focus at different axial positions. This nonuniform focus-
ing gives rise to longitudinal abberations which would
limit the increase in the bunch luminosity [61 in a collid-
er.

Neglecting chromatic and spherical abberations, one
can use a paraxial beam approximation to numerically es-
timate the average transverse beam size as a function of
axial position. The electron bunch is divided into eleven,
evenly spaced, infinitesimally thin slices in time, and the
envelope equation [17] is solved for each slice. Since the
plasma density and the bunch profiles were measured in

detail, the focusing force for each slice in time can be nu-

merically calculated from the transverse wake-field [5,18]
solutions as a function of plasma density profile. Our

model assumes a self-similar transverse profile, and it ig-
nores any variations in the initial transverse bunch size
and the angular divergence along the bunch. For corn-
parison purposes, the calculated transverse bunch profile
in time at the position of the Cherenkov radiator is shown
in Fig. 2(b). Considering the simplicity of our model
which also ignores azimuthal asymmetries, the calculated
and measured bunch sizes agree quite reasonably at ear-
lier times and at the best focus, but deviate at later times.

The focusing is so robust that even the time-integrated
beam images on the phosphor screen clearly show the
focusing. With no plasma, Figs. 3(a) and 3(b) show the
time-integrated beam size at PS2. The vertical dimen-
sion of the unfocused beam is about 3.2 mm FW H M.
When the plasma is turned on, the beam is observed to
focus down to about 0.55 mm [Figs. 3(c) and 3(d)]. The
spatially integrated intensity of the image which is pro-
portional to the total charge is conserved. In addition, in-
dependent charge measurements confirm that all (to
within 5%) of the beam charge upstream of the plasma is

transported to the end of the beam line. The beam spot
size increases to about 1.0 mm FTHM at PS3. This
compares well with the time-integrated, streaked image
(1.1 mm FWHM) from the Cherenkov radiator mea-
sured at the same axial position. At PS4, the transverse
beam size increases to about 1.1 mm FWHM (Fig. 4).
The time-dependent bunch sizes calculated from the
model discussed earlier can be combined to obtain the
predicted time-integrated transverse bunch profiles [201.
The calculated results which are plotted in Fig. 4 agree
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FIG. 4. Time-integrated transverse bunch sizes (FWHM),
measured and numerically calculated, as a function of axial po-
sition along with the normalized axial profile of the plasma den-
sity.

quite well with the experimental measurements. In addi-
tion, Fig. 4 indicates that the best focus occurs near PS2.
The small discrepancy between the measured spot size of
0.55 mm and the calculated value of 0.47 mm at the best
focus, could be due to spherical abberations which in

theory limit the final spot size to about —, of the initial
size [6] for a Gaussian profile. It is also worth noting
that the time-resolved measurements were not performed
at the best focus where a time-resolved spot size of 0.37
mm is predicted. Another interesting feature is that the
beam envelope is not symmetric about the best focus as
confirmed by the measurements. This is a direct result of
time-dependent focusing. Since the integrated transverse
beam size (FTHM) is mainly determined by the focused
(highest intensity) part of the beam, as different parts of
the beam come to a focus at different axial positions it

appears as though the beam stays focused over a longer
axial distance.

In summary, we have investigated the focusing proper-
ties of an overdense (nb«nP), thick plasma lens. Time-
resolved measurements of the focused bunch indicate that
the head of the beam, the first I/ra~, is not focused and
the tail is overfocused as predicted by the theory. The
time-integrated measurements of the spot size down-

stream of the plasma lens are in good agreement with the
results of the numerical model. A full particle-in-cell
simulation of the experiment is underway and will be re-
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