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Abstract

Current and future applications of high brightness elec-
tron beams, which include advanced accelerators such
as the plasma wake-field accelerator (PWFA) and beam-
radiation interactions such as inverse-Compton scattering
(ICS), require both transverse and longitudinal beam sizes
on the order of tens of microns. Ultra-high density beams
may be produced at moderate energy (50 MeV) by com-
pression and subsequent strong focusing of low emittance,
photoinjector sources. We describe the implementation
of this method used at the PLEIADES ICS x-ray source
in which the photoinjector-generated beam has been com-
pressed to 300 fsec duration using the velocity bunch-
ing technique and focused to 20 µm rms size using an
extremely high gradient, permanent magnet quadrupole
(PMQ) focusing system.

INTRODUCTION

The performance of many high brightness electron beam
applications depends on the production of very dense
beams. Examples of these applications include the driving
of a PWFA [1] and providing an electron beam for an ICS
x-ray source [2]. The need for shorter bunch lengths, σz ,
and lower transverse emittances, εx,y , has driven work on
photoinjector optimization, bunch compression systems,
and the development of future electron beam sources. In
addition, proportional scaling of the dimensions of the
beam focal system must be considered to produce ultra-
dense beams.

Examine in turn the two examples of PWFAs and ICS
sources. In a PWFA, the maximum accelerating field, the
“wave-breaking” field, achievable in a relativistic plasma
wave is EWB = mec

2kp/e, where kp is the plasma wave
number. If the driving beam is short (kpσz < 1), then
the wake is efficiently excited and the electric field of the
plasma wave scales as E ∝ k2

pNb. Therefore, larger ac-
celerating fields are obtained by operating a larger kp, and
shorter σz . The use of large plasma wavenumbers ef-
fects the transverse forces as well, as can be seen from
the matched β-function associated with the plasma’s ion-
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derived focusing,

βeq =
√

2γk−1
p . (1)

For low energy experiments, βeq can be extremely short,
and has already been in the range of several mm [3].

In the case of ICS sources, the rate of x-ray photons pro-
duction, dNx/dt, depends on the intensities of the overlap-
ping electron and laser beams, and the duration of the in-
teraction. Assuming a 180◦ interaction geometry, Gaussian
laser and electron beam profiles, and that the beam dimen-
sions do not change significantly during the interaction, the
number of x-rays produces is

Nx =
NeNLσT

2π (σ2
e + σ2

L)
, (2)

where Ne and NL are the number of input electrons and
photons, respectively, σe and σL are the beam rms sizes,
and σT is the total Thomson cross section. The x-ray
source brightness, often a more important figure of merit
for applications, is given by

Bx =
Nx

(2π)5/2
σ2

xσ2
x′στ (0.1%BW)

. (3)

Since the source size, σx, divergence, σx′ and duration, στ

are all strongly coupled to the electron bunch phase space,
it is clear that the electron beam brightness, in addition to
density, should be maximized for x-ray production.

Magnetic compression schemes have proven successful
in producing sub-ps beams generated by photoinjectors.
The effect of the compression process on the transverse
phase space, however has been determined to be damaging,
both at low energies due to space-charge forces [4], and at
higher energies due to coherent synchrotron radiation [5].
This observed emittance growth runs counter to the goal
of increasing the beam brightness that motivates the use
of compression to begin with. The “velocity bunching”
scheme, proposed by Serafini and Ferrario [6], may pre-
serve the transverse phase space quality, while compressing
the beam to sub-ps bunch length [7]. This scheme, as op-
posed to the path-length dependence of magnetic compres-
sion systems, is an extension of the commonly employed
technique of RF rectilinear compression. As design trajec-
tory bending is not needed in this system, one may avoid
the phase space degrading effects observed in magnetic
compression experiments on photoinjector-derived beams.
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In order to create minimum β-functions small enough for
modern high-brightness electron beam applications, one
must look into the use of much shorter focal length lenses.
This is motivated by the need to avoid chromatic aberra-
tions due to energy spread, and emittance growth due to
residual space-charge effects in the beam if it is expanded
for final focusing. Permanent magnet-based quadrupoles
(PMQs) can access high-field gradients, and have been un-
der intensive study recently [8]. They offer the advantages
of simplicity and being relatively inexpensive when com-
pared to alternatives such as superconducting systems, or
plasma lenses.

In this paper we describe the implementation of both
the velocity bunching technique [9] and a PMQ based fi-
nal focus system [10] at the PLEIADES ICS X-ray source
[11], a collaboration between LLNL and UCLA. Both of
these measures have improved the performance of the X-
ray source.

VELOCITY BUNCHING

In the velocity bunching method, an energy/phase cor-
relation is imparted to the electron beam and removed
smoothly, through phase slippage and acceleration, inside
of an rf linac section. In this method the beam is rotated
through one quarter of a phase space oscillation. The elec-
tron trajectories in the sinusoidal longitudinal electric field
component of the RF wave in a traveling wave structure
can be tracked and plotted in (φ, γ) phase space using
the electron equations of motion; dγ

dz = −αk sin φ, and

dφ
dz

= k

[
1− γ√

γ2−1

]
.

Particles injected at or near φ0 = 0 will begin to slip into
an accelerating phase. As the particles accelerate to ultra-
relativistic velocity, the phase slippage slows, and is even-
tually arrested. In terms of the particle’s initial phase space
coordinates (φ0, γ0), the asymptotic value of the slipping

phase is φ∞ ∼= cos−1
[
cos φ0 − 1

2αγ0

]
.

The phase space rotation occurs as a result of the varying
orientation of the phase contour lines. If two particles are
injected at φ0 = 0 with a difference in phase but no spread
in energy, such that they align parallel to a phase contour,
then they will remain parallel to that contour as they slip in
phase and accelerate. As the particles approach φ∞, their
orientation becomes nearly parallel to the γ axis, having
rotated by nearly 90 degrees.

The PLEIADES photoinjector and linac consist of a 1.6
cell photo-cathode RF gun followed by four SLAC style
2.5 meter, S-band traveling wave sections. While the linac
is capable of producing 100 MeV electrons, it is typically
run using only the first two or three sections for X-ray pro-
duction, resulting in beam energy between 20 and 70 MeV.
Velocity bunching has been preformed with this system us-
ing the travelling wave section immediately following the
gun to compress the beam, while the remaining sections
were used to accelerate the beam on-crest, thereby reduc-
ing the relative energy spread.
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Figure 1: Measured horizontal and vertical normalized
emittances of the 300 fsec beam versus the compressor
solenoid strength.

The longitudinaldynamics in the experiment agreed well
with those found in simulations. A 250 pC bunch was com-
pressed from an initial duration of 3 ps (rms) to a final
length of 300 fs. The bunch length was measured using
a coherent transition radiation based interferometer [12].
The energy spread of the compressed beam, accelerated to
50 MeV, was 0.5%. Again, in agreement with simulations,
and higher than the nominal uncompressed value of 0.2%.

Transversely, the increasing space-charge forces result-
ing from the increasing beam current in the compressor
must be matched with external focusing to minimize space-
charge induced emittance growth. This external focusing
was provided in the experiment by a solenoid field along
the length of the compressing rf section. The emittance
of the compressed electron beam was measured using the
quadrupole scanning method for various settings of the
solenoid field strength. The results of those measurements
are shown in Fig. 1. As expected, the emittance shows a
very strong dependence on the compressor focusing, grow-
ing by a factor of 3 in εn,x with a 20% change in solenoid
current. A minimum of 11 mm mrad in both emittances
was found to occur at the 10 A solenoid setting in this scan.

The velocity compressed beam was used in conjunction
with a Ti:Sapphire-based, 500 mJ, 50 fs (FWHM), 800 nm
laser pulse for ICS x-ray generation. The compressed beam
was measured to be roughly 50% larger in x and y than the
uncompressed beam at final focus. This increase is due to
both the increased energy spread of the compressed bunch,
and emittance growth. A comparison of the resulting x-ray
pulses is shown in Fig. 2. While the increased final focus
spot size reduces the total number of scattered photons, the
brightness of the 300 fsec bunch is increased by 70% from
that of the x-rays produced without velocity bunching.

PMQ FOCUSING

PMQs were chosen to deliver the extremely high mag-
netic field gradients desirable in the PLEIADES final fo-
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(a) (b)

Figure 2: Single shot, false-color X-ray beam images mea-
sured by a CCD for the (a) uncompressed and (b) com-
pressed electron beams.

cus system. A 16-segment Halbach configuration [13] was
simulated with the 3D magnetostatic code, RADIA, using
PM material (NdFeB) with a 1.22 T remanent field, 5 mm
inner diameter, and a 15 mm outer diameter. The field
gradient produced in the simulation was B ′ = 573 T/m,
slightly lower than the theoretical prediction for this de-
sign due mainly to three-dimensional (edge) effects. The
quadrupole length was chosen based on the theoretical and
simulation predictions so that the focusing phase advance
in a single lens is less than one-half for a 70 MeV beam
(kqlq ≤ 0.5).

A series of RADIA simulations were performed in or-
der to evaluate the performance of the magnet design in the
presence of fabrication and assembly errors. The follow-
ing results were obtained: (1) a magnetization easy-axis
angular orientation error is allowable up to 2% before a no-
table change develops between the magnetic center and the
mechanical center; (2) the wedge shape error (the wedge
angle) is limited and allowed up to again 2%; and finally
(3) bore radius variations of ±0.05 mm from the nomi-
nal 2.5 mm radius produced the field gradient variation
of 3% from the ideal B ′ . These results were then used
to apply magnetic field errors in ELEGANT simulations
of the final focus using input beam parameters typical of
the PLEIADES experiment. The most significant source of
emittance growth was found to be rotation (skew) error be-
tween successive magnets. A 10 mrad rotation error was
found to result in a doubling of the emittance of the beam
at focus, with a corresponding increase in spot size.

The fabrication of PMQs with the required precision
proved to a technically challenging task. Nevertheless, a
simplified procedure may be given as follows: a long trape-
zoidal wedge which is pre-magnetized to a Br =1.22 T is
machined to a specified design shape from a larger mag-
net block through wire electrical discharge machining. The
16 magnetized wedges are then coupled together into an
equally long aluminum keeper tube. A thin layer of cohe-
sion material is applied, strongly joining neighboring mag-
nets. The tube keeper and a bonding glue together ensure
structural stability of the PMQ under extreme magnetic re-
pulsions. The long assembly is then cut into six identical

Figure 3: An illustration of the PMQ manufacturing pro-
cess showing an individualwedge, the assembled 16 wedge
rod, and a single PMQ cut from the rod.

Figure 4: An assembled PMQ.

PMQs, with mechanical length of 10 cm, to ensure con-
sistent performance between all PMQs. In particular, con-
struction of a single, long magnet assembly assured that the
relative azimuthal (roll) errors of individual units may be
essentially eliminated. Finally, the inner diameter of bore
is slowly ground to the specified value of 5 mm with a di-
amond cutter. An illustration which schematically summa-
rizes the PMQ fabrication procedure is shown in Fig. 3.
One of the produced magnets is shown in Fig. 4.

Measurements of the individual magnets were per-
formed using both a Hall probe and the pulsed wire tech-
nique [14]. These measurements were found to agree well
with RADIA simulations, as Fig. 5 demonstrates. The Hall
probe measured field gradient was B′ = 560 T/m in the
center of the PMQ bore region, while the pulsed wire mea-
surements verified the co-location of the mechanical and
magnetic centers to within 25 µm.

For the final focus system, a simplified thin lens triplet
design was analyzed. Assuming a symmetric beam waist
at both the focus and the input to the triplet, and given
a minimum achievable lens focal length fmin, it can be
shown that optimal focusing is found in an asymmetric de-
sign in which the lens focal lengths are 2fmin, −fmin ,
fmin. Based on this analysis, and verification of the (F-
DD-FF) configuration using TRACE3D simulations, the
PMQ “mover system” was designed to independently po-
sition (thereby providing tunability) 3 separate lenses, the
first being a single PMQ, and the following two consisting
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Figure 5: A comparison of PMQ field profile measure-
ments using a Hall probe to RADIA simulation results.

Figure 6: A rendered CAD drawing of the final-focus as-
sembly.

of two concatenated magnets.

The PMQ mover assembly, illustrated in Fig. 6, was
built and later measured to position the magnets with a
level of precision as described above, and installed in the
PLEIADES interaction beamline. The assembly consists
of a rail system which maintains the alignment of each
magnet, and a set of push-rods connected to stepper mo-
tor driven vacuum linear motion feedthroughs.

The PMQ system has successfully focused beams from
50 to 90 MeV, demonstrating the tunability of this system.
The beam spot size at the focus was measured using op-
tical transition radiation (OTR) generated as the electrons
impact a polished metal surface. Figure 7 show a CCD im-
age of the final focus produced using a 200 pC, 70 MeV
beam. The spot size, 20 µm, is a significant improvement
over that obtained with the previously employed electro-
magnet based final focus system. The final focus tunability
has been used to produced ICS x-rays over the range from
40 to 140 keV.

480 µm

Figure 7: False color CCD image of the PMQ focused elec-
tron beam. The RMS beam size is 20 µm in both x and y.
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