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A design for a compact x-ray light source (CXLS) with flux and brilliance orders of magnitude beyond
existing laboratory scale sources is presented. The source is based on inverse Compton scattering of a high
brightness electron bunch on a picosecond laser pulse. The accelerator is a novel high-efficiency standing-
wave linac and rf photoinjector powered by a single ultrastable rf transmitter at X-band rf frequency. The high
efficiency permits operation at repetition rates up to 1 kHz, which is further boosted to 100 kHz by operating
with trains of 100 bunches of 100 pC charge, each separated by 5 ns. The entire accelerator is approximately
1 meter long and produces hard x rays tunable over a wide range of photon energies. The colliding laser is a
Yb∶YAG solid-state amplifier producing 1030 nm, 100 mJ pulses at the same 1 kHz repetition rate as the
accelerator. The laser pulse is frequency-doubled and stored for many passes in a ringdown cavity to match
the linac pulse structure. At a photon energy of 12.4 keV, the predicted x-ray flux is 5 × 1011 photons=second
in a 5% bandwidth and the brilliance is 2 × 1012 photons=ðsec mm2 mrad2 0.1%Þ in pulses with rms pulse
length of 490 fs. The nominal electron beam parameters are 18 MeV kinetic energy, 10 microamp average
current, 0.5 microsecond macropulse length, resulting in average electron beam power of 180 W.
Optimization of the x-ray output is presented along with design of the accelerator, laser, and x-ray optic
components that are specific to the particular characteristics of the Compton scattered x-ray pulses.
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I. INTRODUCTION

Themain rationale for new x-ray sources is that since their
discovery in 1895, x rays have been the singlemost powerful
technique for determining the structure of all forms of con-
densed matter. Through increasingly powerful imaging,
diffraction, and spectroscopic techniques, physicists, chem-
ists, biologists, andmedical doctors, aswell as quality-control
inspectors, airline passenger screeners, and forensic scientists
have resolved the structural detail and elemental constituency
on length scales from interatomic spacing to the size of the
human body. Every day, that knowledge underpins our
modern technologies, our health, and our safety. Quite
remarkably, for the first 70 of these 119 years, x-ray sources
changed little from the original tube [1] used by Röntgen in
the discoveryof x rays. Even today, thex-ray technology used
in universities, industrial labs, and hospitals derives from this
primitive electron tube with incremental improvements.

Today, however, the benchmark for x-ray performance is
set by large accelerator-based synchrotron radiation facili-
ties, of which more than 60 exist worldwide. Interestingly,
despite this large investment in major facilities, 15 of the 19
Nobel Prizes awarded for x-ray-based discoveries used
conventional or rotating-anode-based x-ray sources. The
wide availability of these modest sources, their ease of use,
and their capability to test new ideas without the barriers
of schedule, travel, and expense of the major facilities
has led to a remarkable array of scientific breakthroughs.
In the present paper we aim to exploit recent advances in
accelerator and laser technologies to produce a compact
x-ray light source (CXLS) that offers the potential for a
more powerful x-ray source of appropriate size, complex-
ity, and cost for modern laboratories and hospitals.
X-ray beam performance from a CXLS would not yet

approach the performance of the megafacilities in general,
but in critical parameters such as pulse length and source size
the compact sources would surpass them. The result would
bemajor advances for example in ultrafast x-ray science and
diagnostic phase-contrast imaging. For ultrafast x-ray dif-
fraction, to understand matter far from equilibrium or study
chemical reactions in real time, CXLS technology can
produce powerful pulses of x rays having time duration
well under a picosecond. New phase-contrast imaging
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methods, already demonstrated on large synchrotrons, could
be available in hospitals to provide a new tool in the battle
against breast cancer or heart disease.
In addition to entirely new applications, compact sources

offer many other advantages. The pace of drug discovery
could be accelerated by providing structure solutions
immediately upon crystallization, rather than waiting
precious days or weeks for access to a synchrotron.
Universities will have the ability to train students in these
powerful emergent applications of x rays without the
often prohibitive constraints of travel and the limitations
of beam time. Electronic chip manufacturing facilities
could perform in situ metrology of today’s three-dimen-
sional nanometer sized structures. Museums and other
cultural institutions could perform in-house x-ray analysis
on historic works of art. Advanced major facilities such as
the National High Magnetic Field Laboratory and
Spallation Neutron Source at ORNL can benefit from a
compact source to combine x-ray analysis with magnetic
and neutron studies. Furthermore, the characteristics of the
x rays produced by such compact sources can be improved
through research and development, increasing flux and
coherence with the ultimate goal of achieving a compact
x-ray source with fully coherent [2,3] hard x-ray beams.
Inverse Compton scattering (ICS) is the up-conversion of

a low energy laser photon to a high energy x ray by
scattering from a relativistic electron. Figure 1 shows
the layout and geometry of the interaction with a near
head-on collision between the laser and electron beams.
The scattered x rays emerge in the same direction as the
electrons. The physics of ICS is nearly identical to
spontaneous synchrotron emission in a static magnetic
undulator as used at the large traditional synchrotron

facilities, but because the wavelength of the laser is much
shorter than a static undulator period, the energy required of
the electrons to make hard x rays is orders of magnitude
lower than the large synchrotrons, reducing the size and
cost of the compact ICS source by orders of magnitude.
Linac-based Compton-scattering x-ray sources have

shown promising results at low repetition rates [4].
However, past linac-based ICS x-ray experiments depended
on accelerators and lasers built for other purposes such as
injection into a synchrotron that had modest performance
requirements, and produced x-ray beams of relatively low
brilliance due to the lack of specific engineering to ICS
requirements. Recent developments in laser and accelerator
technology, along with a focused effort to design a
dedicated ICS x-ray source promise to significantly
improve the source properties and to open up new scientific
frontiers, particularly in ultrafast dynamics and spectros-
copy. In this paper we focus on the properties of a linac-
based CXLS in preference to ring-based output. The main
advantages of compact rings (see [5] for a good discussion)
are their high repetition rate, high average current relative to
a linac, and historically better stability. However, the
dynamics in rings result in relatively long electron bunches
with large emittance; both of these effects are detrimental to
x-ray production with the result that a relatively low
repetition rate linac can produce the same or greater flux
than a ring. The pulse format for a linac is flexible and
determined by the photocathode laser. The output pulses
are subpicosecond without compression and substantially
shorter than that with compression. The electron beam
phase space may be manipulated in sophisticated ways,
e.g., emission of arrays of electrons from nanotips or
diffraction crystals, or filtering for transverse momentum

FIG. 1. Accelerator, laser, and x-ray components needed for the ICS x-ray source. Total length from rf gun cathode to ICS interaction
point is 2.5 m. Length of x-ray beam line depends on experiment but is typically of order 1 m. Relatively large x-ray divergence of
several mrad leads to shorter beam lines.
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or energy. There is great flexibility with a single pass device
where the electron bunches do not relax into an equilibrium
distribution. Rings are substantially larger and more com-
plex than a linac; they require a full energy linac for
injection, and a high-finesse, high power laser cavity as
well as all of the ring equipment. We think it will eventually
be possible to produce coherent x rays via ICS, but this will
require the best possible electron beam which will only be
produced by a linac. There is a perception that linacs have
significant jitter in timing, energy, and beam position.
However, that view derives from linacs that were designed
for injection into synchrotrons and required only modest
stability. Modern solid-state high power rf equipment and
precision magnet power supplies have stabilized operation
to the point where femtosecond jitter and micron position
stability are attainable.
Although the baseline CXLS performance will not

match the standard of large 3rd and 4th generation
facilities, CXLS sources are expected to provide x-ray
parameters similar to that of bending magnet synchrotron
beam lines for a small fraction of the cost, far beyond
existing lab source performance, and in some parameters
such as pulse length and source size, will significantly
exceed what is possible at the major facilities. The current
situation in x-ray science is that experiments are either done
at the large facilities where the beam brightness is about

1021 photons=ðsec mm2mrad2 0.1%Þ, or in home labs
where the best rotating anodes [6] have a brightness of
109 and flux of 6 × 109 per second. That enormous gap—
12 orders of magnitude in brilliance—is similar to the gap in
capability between an abacus and a supercomputer. The
CXLS is equivalent to a laptop, and like the laptop it is
closer to a supercomputer than an abacus. Its qualitative and
quantitative impact on x-ray science is likely to be enor-
mous, in ways that are difficult to foresee because a source
with this brilliance, size, and cost does not exist today.

II. COMPACT SOURCE COMPONENTS

ACAD drawing of the major components of the compact
source is shown in Fig. 2 including the electron accelerator,
laser amplifiers and laser ringdown cavity inside which
x-ray production takes place, x-ray optics, and rf trans-
mitter that supplies power to the accelerator. For a compact
source it is important to design the entire system to be
small, and not to overlook ancillary items such as power
supplies, chillers, or cryogenic equipment. The ancillary
equipment for compact sources can dominate the size and
cost of the system. However, the advent of high-power
solid-state power sources in recent years for both lasers and
accelerators has dramatically reduced the overall footprint
of the equipment while improving stability and efficiency.

FIG. 2. CAD layout of the components for the compact x-ray source showing the lasers including Yb∶KYW that produces electrons
via photoemission and the cryo Yb∶YAG amplifier used for ICS. Accelerator components shown include the rf gun, short linac, and
transport magnets. The cabinets house the rf transmitter and power supplies for magnets, vacuum equipment, and lasers.
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The system shown requires only three standard equipment
racks for all of its support equipment.
Compact sources are meant to be installed in scientific,

medical, and industrial labs that generally do not have
accommodation for sources of ionizing radiation requiring
retrofit installation of shielding. Electrons at energies above
10 MeV produce neutrons requiring bulky and heavy
shielding, and so the accelerator is typically installed in a
shielded vault or room, which is a significant impediment to
widespread use of these powerful x-ray sources. However, the
compact source shown in Fig. 2 is small enough (0.3 m×
3 m) to have local shielding fitted directly to the device
enclosing just the accelerator components in concrete blocks.
A detailed view of the laser-electron interaction area is

shown in Fig. 3. Each of the three beams—laser, electron,
and x ray—are present at the very small interaction point
(IP), thus as for any beam brought to a tight focus, a lens is
required nearby with a large numerical aperture. One of the
main challenges for the source designer is to fit these
diverse lens types into the limited space available. In the
figure, the electron beam enters from the left and is focused
by a quadrupole triplet lens (last quadrupole is visible) to a
3 μm rms spot at the IP. Immediately after the collision with
the laser the electrons of kinetic energy 18 MeVare bent by
a dipole and transported to a beam dump by the quadru-
poles visible at the upper right of the figure. The electrons
arrive at the IP as a bunch train, 100 bunches (each about
1 ps long) arrive in a 0.5 μs long train. The train repeats at a
1 kHz repetition rate providing an effective repetition rate
of 100 kHz. A single 50 mJ, picosecond laser pulse is

coupled into a 4f confocal linear cavity. The laser beam is
the green beam reaching a focus between a mirror and lens
in the figure. The laser also operates at 1 kHz and each
pulse rings down inside the cavity with a round-trip time of
5 ns to match the 100 bunch electron train. The multiple
electron bunches all interact with the same decaying laser
pulse. The laser cavity is set at a 50 mrad angle with respect
to the electron beam to allow the electrons and x rays to
miss the laser optics. The x rays propagate in the same
direction as the electrons. The laser direction does not
impact the x-ray direction although the small collision
angle does cause a minor reduction in flux and a small shift
in x-ray wavelength relative to a head-on collision. The
opening angle of the x rays is relatively large at approx-
imately 10 mrad so that a nearby x-ray optic is required to
collect the flux. The optic is shown just downstream of the
IP between the laser and electron beams.

III. X-RAY SOURCE OPTIMIZATION

For a scattering process like ICS, the highest flux is
produced by creating the densest target in order to increase
the probability of scattering. High density is achieved by
squeezing the electron and laser beams in each of their
dimensions. Thus the laser pulse is short in time and is
focused to a small waist. Likewise the electron beam is
focused to a small spot and must also be short in time to
interact efficiently with the laser. The x-ray source is
optimized to have a small, radially symmetric size of a
few microns and to have an opening angle of a few mrad.

FIG. 3. Laser, electron, and x-ray components near the interaction point are intricately arranged. Each of the three beams needs a
strong lens near the IP that does not interfere with the other beams. The electron beam crosses the laser beam at an angle of 50 mrad so
that the x rays avoid the laser optic. The electrons bend out of the way immediately after the collision at the IP. An x-ray optic is installed
20 cm downstream of the IP to collect and focus or collimate the divergent x-ray beam.
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This source contrasts with a typical synchrotron beam
that has a source size of 100 μm and an opening angle of
perhaps 100 μrad. However, because the product of source
size and divergence of the CXLS is similar to a synchrotron
beam, optics can be used to collimate the ICS beam
resulting in a larger virtual source with a smaller opening
angle similar to synchrotron radiation.
There are of course limits to improvements in x-ray

output by focusing to ever smaller spots. For the electron
beam, the emittance is the determining factor. The emit-
tance of an electron beam at a focus is just the product of
the beam size and its divergence. Making a smaller focus
means that the divergence is larger, and eventually the
spread in angles of the electron trajectories will become the
dominant cause of increasing bandwidth and opening angle
of the x rays, lowering the beam brilliance. The laser focus
size should be similar to the electron beam size to maximize
the interaction, but producing a small laser focus also sets
limits on acceptable pulse lengths.
The optimum pulse lengths for both the electron and

laser beams depend on the transverse focus size. In the
regime where we will operate the laser intensity is relatively
low so that nonlinear effects [7–9] are weak and x-ray
production scales as the square of the laser intensity. In this
case it is important for the electron-laser interaction to take
place within the Rayleigh diffraction length ZR ¼ πw0

2=λL
of the laser beam where w0 is the 1=e2 laser waist radius.
ZR can become much shorter than the laser pulse length for
small w0, reducing the x-ray flux. The shortest laser pulse
length is generally determined by the laser bandwidth,
which depends on the particular laser material chosen. The
laser needs to be able to produce short pulses with high
pulse energy and high average power, limiting the selection
of materials to a few candidates. The electron bunch is also
constrained to interact within ZR so it must be short as well.

Note that the output x-ray pulse length depends only on the
electron bunch length and not the laser length. This is the
same dynamic as in undulator radiation where the x-ray
pulse length does not depend on undulator length. The
quantitative effects of pulse length and focus size are shown
in numerical studies below. First we derive relations that
guide the design of the electron and laser beams, and
resulting x-ray source.
The resonant wavelength for ICS is [10]

λx ¼
λL

2γ2ð1 − βz cosϕÞ
�
1þ a02

2
þ γ2θ2

�
; ð1Þ

where λL is the laser wavelength, γ is the electron energy in
units of rest mass, ϕ is the electron-laser collision angle
(ϕ ¼ π for head-on), and a0 ¼ eEλL

2πmc2 is the dimensionless
vector potential of the laser field that plays the same role in
ICS as the undulator parameter K [11] does for undulator
radiation. The angle between the electron direction of
motion and an observer is θ. For low laser intensity and
on-axis emission from a head-on collision with a relativistic
beam the resonant wavelength is λx0 ¼ λL

4γ2
. For high laser

intensity with multi-Joule pulses, a0 ≥ 1, harmonic power
and distortion of the fundamental linewidth become
important. However, in the present case where high
repetition rate is important the peak intensity is modest,
a0 ≤ 0.1, and a weakly nonlinear approximation is used to
accurately model the on-axis spectrum.
The x-ray bandwidth is determined by several factors

including the laser bandwidth, which represents the mini-
mum possible x-ray bandwidth, the electron beam energy
spread and emittance, and the wavelength shift represented
by the a0 factor in Eq. (1) that depends on the time-varying
laser intensity. Figure 4 shows the complex interplay of

FIG. 4. Plots of total x-ray output near 12 keV. The flux at 100 kHz is 2 × 1012 photons= sec into all angles and energies. The left plot
shows flux vs angle and the right plot shows color coded intensity vs angle and photon energy. The on-axis bandwidth is represented by
the vertical width of the higher intensity area at θ ¼ 0, and is narrower than the total bandwidth over all angles. The off-axis photons are
lower energy and wider bandwidth than on-axis emission.
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bandwidth, central energy, and collection angle. The
minimum x-ray bandwidth is the inverse of the number
of laser periods 1=NL similar to the relationship between
undulator radiation bandwidth and number of undulator
periods. As an example, a 1 ps laser at 515 nm wavelength
has 580 periods and so the minimum bandwidth is about
0.2%. This value may be broadened by several effects.
From Eq. (1) the contribution of electron energy spread to
broadening is

�
Δλx
λx

�
energy spread

¼ 2
Δγ
γ
: ð2Þ

From numerical simulation the expected electron energy
spread is 0.1% in which case the broadening is similar to
the fundamental linewidth. Another effect is the intensity-
dependent term a02=2 in Eq. (1), which results in a redshift
of the emission due to a slowing down of the average
electron z-velocity in strong laser fields. A conservative
estimate of the bandwidth due to this effect is

�
Δλx
λx

�
laser intensity

¼ a02

2
: ð3Þ

For the present case the maximum a0 ¼ 0.1 at the focus
so that the relative broadening is at the 1% level. This
estimate is conservative because the probability of emission
also scales as a02 so that most of the emission occurs near
the maximum value of a0. The electron emittance affects
the bandwidth through the variation in electron-laser
collision angle ϕ and the change in apparent observation
angle θ. At a focus, the normalized electron emittance is
ϵxn ¼ γσxσx0 where σx is the rms beam size and σx0 is the
rms spread in electron angles relative to the axis. Equating
σx0 to the effective observation angle θ in Eq. (1) results in a
broadening of

�
Δλx
λx

�
emittance

¼ γ2θ2 ¼ ϵ2xn
σ2x

: ð4Þ

As with the other contributions, we wish to limit this effect
to < 1% so that the electron focus size σx ≥ 10ϵxn. In the
present case the emittance is 0.2 × 10−6 mrad so that the
electron focus size should be σx ≥ 2 μm.
Turning to numerical simulations to study these effects,

we run several codes to create detailed time-dependent
models of the electron and laser beams and the x-ray beams
they produce. The electron beam is modeled starting from
photoemission at the cathode through acceleration and
transport to the interaction point (IP) with the code
PARMELA [12], a time-dependent particle-in-cell code
including space charge effects. The laser is modeled with
TRACEPRO and OXALIS-LASER codes. The electron and
laser simulations are described in more detail in the

technical sections that follow. The resulting laser and
electron pulses are then input into the code COMPTON

[13] that performs time-dependent 3D simulations of
the incoherent ICS process including weakly nonlinear
effects. This code has been benchmarked [4] against ICS
experiments.
Figure 4 shows output from COMPTON, with plots of total

flux vs angle and a color plot of x-ray intensity vs angle and
photon energy. Inspecting the right-hand plot, the vertical
width of the intensity band represents energy bandwidth. It
is apparent that the on-axis bandwidth is quite narrow
(0.7% in this case due to all of the effects described above)
but that as radiation is collected at larger angles the
bandwidth is substantially broadened and emitted at lower
photon energy. These off-axis effects are due to the γ2θ2

term in Eq. (1) creating an energy-angle correlation. The
same phenomenon occurs with undulator radiation; how-
ever, the low electron energy used in ICS (one of its
primary advantages) results in a larger opening angle of the
radiation. Note that even though the color plot is not as
intense at larger angles, the integrated flux at those angles is
substantial and useful for experiments that can tolerate the
wider bandwidth. The radiation contained within the
central on-axis bandwidth is emitted into a fairly narrow
cone of 5 mrad half angle.
The upper plots of Fig. 5 show x-ray intensity vs

horizontal and vertical angles for bandwidth windows of
5% and 0.1%. The acceptable bandwidth depends on the
application, with e.g., Laue scattering and small-angle
x-ray scattering (SAXS) techniques able to use a broad
bandwidth, while macromolecular crystallography and
other techniques require narrow bandwidth. For the set
of parameters under study the average flux into 5%
bandwidth is 5 × 1011 photons= sec while for a narrow
0.1% window it is 3 × 1010 photons= sec. The lower plots
of Fig. 5 show how the brilliance and flux scale with
collection angle for narrow and wide bandwidth.
Assuming Gaussian laser and electron beam profiles, an

analytic expression for the total x-ray dose produced by a
head-on inverse Compton scattering interaction is given
by [14]

Nx ¼
NeNLσT

2πðσ2L þ σ2xÞ
FF: ð5Þ

In Eq. (5) σT is the total Thomson cross section, Ne is the
total number of electrons, and NL is the total number of
photons in the laser beam. The term FF is a form factor,
less than unity, that depends on rms pulse durations ΔtL
and Δte, and beam spot sizes σL and σx at the interaction
point for the laser and electron beams. It represents the
degradation of the interaction efficiency for cases where the
pulse durations exceed the interaction diffraction lengths of
the laser and electron beams. The resulting x-ray brilliance
at a collision repetition rate of Frep is
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Bx ≈ 1.5 × 10−3
NeNLσTγ

2

ð2πÞ3ϵ2xnσ2L
Frep: ð6Þ

In order for Eq. (6) to be valid, both the electron and laser
pulse durations should not significantly exceed the laser
Rayleigh length ZR. Additionally, σL must not be so small
that the nonlinear effects begin to degrade the scattered
x-ray spectrum. For λL ¼ 515 nm and a0max ≈ 0.1, pulse

durations on the order of a picosecond and interaction spot
sizes of a few microns will be desired to achieve optimum
x-ray beam brightness. Figure 6 shows numerical results of
the effects of laser pulse length and focus size on brilliance
and flux. Ideally, a pulse length less than 1 ps with a near
diffraction-limited focus size will produce the highest out-
put. Practical considerations for laser materials lead us to
choose cryocooled Yb∶YAG which is capable of 2 ps
pulse duration with very high average and peak power.

FIG. 6. Plots of flux (left) and brilliance (right) as a function of 1=e2 laser focus size w0. Each curve represents a different laser FWHM
pulse length from 0.5 to 4 ps. The red circle in each plot marks the design operating point, which is an optimization of laser gain and
bandwidth, average power, and peak power.

FIG. 5. Upper plots show x-ray intensity vs opening angle for 5% bandwidth (left) and 0.1% bandwidth (right) at 12 keV. Lower plots
show brilliance (left) and flux (right) vs collection angle. The narrow bandwidth radiation has higher brilliance but lower flux. Flux for
both cases is contained within a half angle of 5 mrad.
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The intended operating points are marked on the plots. We
are performing R&D on cryocooled Yb∶YLF that should
lead to sub-ps pulses at high average power. The x-ray pulse
time profile is shown in Fig. 7 with an rms pulse length of
490 fs, similar to the electron beam. Because the electrons
are propagating at close to the speed of light, the x-ray pulse
length depends only on the electron bunch length and for
practical purposes is independent of the laser pulse length.
In summary, the optimization of high average flux,

high spectral brightness inverse Compton scattering
x-ray sources requires electron beams with low emittance
(<200 nm-rad) and short pulse duration (<1 ps), and
tightly focused (<5 μm), short pulse (<ps) lasers. The
x-ray performance resulting from numerical optimization
of the ICS source using state-of-the-art laser and accelerator
technology is presented in Table I.
The technical aspects of the laser and electron beams and

the equipment used to produce them are presented in the
sections that follow.

IV. X-RAY OPTICS

A wide array of x-ray beam lines and instruments are
enabled by the CXLS, each demanding particular optics
whose description is beyond the scope of this article.
However, two example optics are presented that match well
with the CXLS source properties. It is important to note that
Kirkpatrick-Baez (KB) mirrors, particularly the nested
version also known as Montel optics, are generally well
suited for both collimating and focusing x-ray beams with
the characteristic sizes and divergences produced by this
source technology. The collimating function is illustrated by
ray-tracing results shown in Fig. 8 to prepare the beam for
monochromatization. The source is represented by an
axisymmetric Gaussian in angle (4.3mrad rms) and a flattop
cylindrical spatial profile (5.9 μm diameter). The beam
which emerges from the optic has collimation of about
10 μrad and size of about 1 mm, which are ideal properties
for coupling into a standard perfect crystal monochromator
with high efficiency. Such an arrangement would be
valuable for most scattering experiments requiring mono-
chromatic beams, such as macromolecular crystallography.
To illustrate a possible application using a focusing

geometry, we describe a setup for SAXS, which is a heavily
used method to obtain structural information in a variety of
fields. An initial x-ray beam line layout is shown in Fig. 9.
The diverging x-ray beam is reflected from the mirrors and
then transmitted through the sample and focused on the
detector. The mirrors are two perpendicular elliptically bent
slabs; the beam must be reflected twice, once from each
mirror. After the sample, the scattered beam is detected,
while the transmitted unscattered beam is blocked. The full
length of the system will be ∼120 cm depending on the
detector resolution and sample size.
The intensity of the beam scattered by the sample is

measured as a function of the momentum transfer Q, or the
scattering angle. At small angles, Q ¼ 4π=λx sin θ=2≃
2πθ=λx. Imagine that the sample is a periodic structure with
spacing d, resulting in diffraction orders (Bragg peaks) at
momentum transfers Qd ¼ 2πn. The d spacing can be
obtained from distances between the diffraction orders,

FIG. 7. Plot of the simulated time duration of the x-ray pulse at
12 keV. The time duration is nearly equal to the electron bunch
length and does not depend on the laser pulse length. The figure
shown is without compression: electron bunch compression
would produce significantly shorter pulses.

TABLE I. Estimated performance at 0.1% and 5% bandwidth for 12.4 keV x rays from the compact source.

Parameter 0.1% bandwidth 5% bandwidth Units

Photon energy 12.4 12.4 keV
Average flux 2 × 1010 5 × 1011 phot=s
Average brilliance 7 × 1012 2 × 1012 photons=ðsec mm2 mrad2 0.1%Þ
Peak brilliance 3 × 1019 9 × 1018 photons=ðsec mm2 mrad2 0.1%Þ
rms horizontal opening angle 3.3 4.3 mrad
rms vertical opening angle 3.3 4.3 mrad
rms horizontal source size 2.4 2.5 μm
rms vertical source size 1.8 1.9 μm
rms pulse length 490 490 fs
Photons/pulse 2 × 105 5 × 106 � � �
Repetition rate 100 100 kHz
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FIG. 8. Geometry and simulation results for collimating optics. A nested KB mirror with graded multilayer coating collects 5%
bandwidth radiation at 24 mrad grazing angle. The ICS source size (2 μm) and opening angle (4 mrad) are converted to a synchrotron-
like beam with output rms beam size of 0.94 mm and rms divergence of 5.6 μrad. Total efficiency is 40% including 80% collection
efficiency and 70% surface reflectivity.

FIG. 9. Geometry and simulation results for focusing optics used in small angle scattering experiments. SAXS experiments are well
suited to CXLS beam properties, taking advantage of the micron-sized source and higher flux available in a few percent bandwidth. In
this arrangement the KB optic produces a factor of 3 magnification to produce a ∼100 μm converging beam at the sample location on the
way to a 10 μm focus at the detector.
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δQ ¼ 2π=d≃ 0.3 nm−1 for spacing ¼ 22 nm, for example.
Angular positions of the diffraction orders are determined by
nλx ¼ 2d sin θ=2≃ d. From here, Δθ ¼ λx=d≃ 4.5 mrad.
In SAXS measurements at the Advanced Photon Source
(APS) at Argonne National Laboratory [15], about 20
diffraction orders were measured in such a sample, corre-
sponding to Qmax ≃ 20δQ ≈ 6 nm−1 and θmax ≃ 90 mrad.
For a source-optic distance of 30 cm the beam size at the

mirrors is 3 mm assuming beam divergence (FWHM) of
10 mrad. The sample should be placed between the optics
and the detector, where the cross section of the beam is the
size of the sample, about 80 μm. For magnification M ¼ 3
the optic-detector distance is 90 cm, thus samples should be
placed 2 cm upstream of the detector to be illuminated by
the full cross section of the beam. Using Δθ≃ 4.5 mrad,
the spatial separation between diffraction orders at the
detector will be 90 μm, which can be resolved with a
YAG∶Ce scintillator and visible light CCD camera.
The resolution of such an instrument in which the beam

is focused on the detector is determined by uncertainties of
the wavelength and the scattering angle ðΔQ=QÞ2 ¼
ðΔλx=λxÞ2 þ ðΔθ=θÞ2. Assuming ICS bandwidth of 5%,
ðΔλx=λxÞ2 ≈ 2.5 × 10−3. The geometric contribution is
ðΔθÞ2 ¼ ðb2 þ p2Þ=L2

SDD þ FE2. Here LSDD is the sam-
ple-to-detector distance (2 cm in this example), b is the size
of the direct-beam spot on the detector, p is the intrinsic
resolution of the detector, and FE≃ 5 μrad is the figure
error of the mirrors. The direct-beam size b is determined
by the source diameter and the magnification of the optics.
Optimally, the magnification of the optics should by such
that b ≈ p, which determines the magnification M.
Assuming b≃ p≃ 10 μm, the width of the Bragg peaks
Δθ ≈ 0.7 mrad. Therefore, the geometric contribution to
the resolution ðΔθ=θÞ2 decreases quickly with increasing
angles, as ðΔθ=θÞ2 ¼ 0.05=n2, where n is the diffraction
order number. Hence, the resolution of the SAXS optical
system is mostly determined by the bandwidth of the
source. The full source bandwidth ΔQ=Q ≈ Δλx=λx ≈ 5%
will resolve up to the 20th harmonic, and can be narrowed if
higher resolution is desired to reach even higher harmonics.
We conclude that excellent resolution can be

obtained with quite strong scattering signals, given that
the incident flux in a 5% bandwidth is approximately
5 × 1011 photons= sec. One major advantage is the sim-
plicity of the beam line compared to APS, and also the fact
that the beam line length is just over a meter. At APS the
sample to detector distance alone is 8 meters.

V. ELECTRON BEAM DYNAMICS

The electron bunch charge should be as large as possible
of course to maximize x-ray flux but is constrained by the
needs for small emittance and short bunch length in order to
produce bright x rays, as well as charge-dependent effects
of beam loading and wakefields in the rf structures. The
maximum bunch charge is also limited by the available

cathode-laser power and the cathode quantum efficiency.
The emittance requirement ϵxn ≈ 0.2 μm is set so that the
electron divergence at the micron-sized focus at the IP has
minimal impact on the x-ray bandwidth. The bunch length
during acceleration should be limited to a few rf degrees
(3° ≈ 1 ps at 9.3 GHz) so that the energy spread remains
small. The blowout mode of generating an ellipsoidal
bunch distribution [16] is used for its ability to generate
short bunches with a uniform charge distribution that
exhibits linear space charge forces thus avoiding emittance
growth. These bunches are well suited for temporal
compression and show excellent focusing characteristics
for producing micron-sized spots at the interaction point.
The blowout method reduces sensitivity to laser temporal
pulse shaping and inhomogeneities in the cathode emis-
sion. Furthermore, because the transverse space charge
forces are not only linear, but also identical in each time
slice, there is little relative rotation of the time slices in
phase space so that emittance compensation schemes [17]
are less critical.
For robustness in the high 140 MV/m rf fields we choose

to use a copper cathode with a design quantum efficiency of
5 × 10−5 at the 140 MV=m applied rf field. The available
cathode laser power of 20 W is then consistent with
producing bursts of 100 bunches in 0.5 μs at a repetition
rate of 1 kHz. The bunch charge is also limited by beam
loading of the rf fields. The total charge of 10 nC contained
in the bunch train produces a linac beam loading of 16%.
The initial electron beam emittance is ϵxn ¼

σx
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðhν − ϕeffÞ=3mc2

p
where hν ¼ 4.81 eV is the photon

energy of the frequency-quadrupled Yb∶KYW cathode
laser, ϕeff ¼ 4.14 eV is the effective work function [18] of
Cu(100) at an applied field of 140 MV=m, and σx is the rms
beam size. A laser spot rms radius of 260 μm on the
cathode, or an edge radius of 600 μm for the parabolic
intensity profile, will then produce an initial emittance of
0.17 μm. The initial FWHM pulse length is 150 fs set by
the UV laser pulse length.
To properly set up the dynamics of the blowout mode the

space charge field near the cathode must be much smaller
than the applied rf field, but large enough that the bunch
length at the gun exit is significantly longer than its initial
value. In the thin disk approximation the peak space charge
field is 3Q=ð2ϵ0πr2Þ ¼ 16 MV=m. The rf field at the time
of emission is 140 sinð50°Þ ¼ 108 MV=m satisfying the
first condition. Numerical simulations (Fig. 10) indicate
that the second condition is satisfied as the rms bunch
length increases from 65 to 260 fs at the gun exit, resulting
in a peak current of 120 A. Figure 10 also shows that the
bunch has expanded into the desired ellipsoidal distribution
at an energy of 2.9 MeV. The longitudinal phase space
shown in the upper left plot indicates that blowout mode
has created a chirped energy distribution necessary for the
expansion. The lower right plot of Fig. 10 shows that the
slice energy spread varies from a low of 0.5 keVat the beam
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center to 1.6 keV at the head and tail. The larger energy
spread at the head and tail are consistent with blowout
mode dynamics where it is the variation in velocity that
creates the ellipsoidal distribution. Although the peak
current at the gun exit is quite high, the bunch will continue
to stretch in time up until the laser interaction due to the low
energy of the entire machine, resulting in a factor of two
lower peak current at the interaction point, see Fig. 11.
The electron beam exiting the gun is focused by a 6 cm

long solenoid with peak field 5 kG to a soft waist of
480 μm at the linac entrance to match the Ferrario criterion
[17] for emittance correction, i.e., generating a bunch with
time slices that are well aligned in phase space, resulting in
a low overall projected emittance at the linac exit. The short
1 m long standing-wave linac then accelerates the bunch to
the energy required for x-ray production, 17.8 MeV in the
case of 12.4 keV x rays. Downstream of the linac, shown in
Fig. 2, is a quadrupole pair to match into a four-magnet
chicane that is used primarily to block unwanted stray

electrons from entering the laser interaction area using
energy and spatial filtering. The chicane can also be used
for bunch compression to produce bunches less than 100 fs
in duration, however compression dynamics are not
addressed here. Following the chicane, a short focal length
quadrupole triplet focuses the electrons to a small spot at
the IP. The electron beta function β� ¼ 1.5 mm at the IP in
both transverse dimensions compared with maximum beta
functions at the triplet of β̂x ¼ 73 m and β̂y ¼ 190 m for a
beam size demagnification of a few hundred. Figures 11
and 12 show the time-dependent variation of electron beam
parameters at the IP, including the mismatch parameter
Bmag ≥ 1, which is a measure of how well the phase space
of each time slice overlaps with the phase space of the
central slice [19]. Ideally, Bmag ¼ 1 for all slices, but it is
most important that the high current slices near the bunch
center overlap as in the case shown. The initial laser and
electron beam parameters are given in Table II and the final
electron beam properties are summarized in Table III.

FIG. 10. Plots of longitudinal electron beam parameters at gun exit vs time relative to bunch center. The upper left shows time-energy
phase space with mean energy of 2.89 MeV and rms bunch length of 260 fs (∼1° rf). The upper right shows ellipsoidal distribution
resulting from blowout mode dynamics. The lower left shows 120 A peak current and the lower right shows energy spread that is higher
in the head tail; however, energy spread remains below 2 keV for all time slices. The bunch length has expanded by a factor of 4 from the
cathode laser pulse length as required by blowout mode dynamics.
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VI. LASER TECHNOLOGIES

An integral part of the ICS source is the laser system
which provides both the ICS laser and the photocathode
laser. A schematic layout of the laser system, shown in
Fig. 13, consists of two amplifier chains driven by the same
Yb-doped fiber oscillator to achieve optical synchroniza-
tion. The mode-locked Yb-doped fiber oscillator generates
a 1030 nm pulse train with a repetition rate of 200 MHz
which sets the frequency for the burst of electron pulses.
The spectral bandwidth of the 1 nJ fiber oscillator pulse is
∼12 nm, which is broad enough to counteract the effects of
gain narrowing in the two amplifier chains and ensure the
compressed pulse duration in the sub-ps range. The fiber
oscillator pulse is stretched to ∼100 ps and preamplified to
10 nJ in order to provide enough pulse energy for both main
amplifier chains and thereby minimize the gain narrowing.
The ICS laser amplifier chain, shown as yellow blocks and
described in Sec. VI A, is used to pump an ICS ringdown
cavity. It consists of a second stretcher and a commercial
Yb∶KYW regenerative amplifier (Amplitude Systemes,

Inc.) which selects pulses at 1 kHz and amplifies them
to 2 mJ followed by cryogenic multipass Yb∶YAG
amplifiers to reach 100 mJ with ∼3 ps pulse width after
compression. The compressed 100 mJ pulse is coupled into
the ringdown cavity, described in Sec. VI B, by passing
through a dichroic mirror and frequency doubling. This
cavity allows for 100 interactions with a single laser pulse
greatly increasing the ICS x-ray flux. The photocathode
laser amplifier chain, shown as red blocks and described in
Sec. VI C, is used for the photoinjector of the rf gun. This
laser requires a burst mode format of 100 pulses at 1 kHz.
Two multipass Yb∶KYW amplifiers increase the IR pulse
energy to 200 μJ for an average power of 20 W. The output
is frequency quadrupled to produce the UV pulse for the
photoinjector.

A. ICS collision laser

The design of the ICS collision laser is based on
high-energy picosecond cryogenic Yb∶YAG laser technol-
ogy recently developed at MIT. The energy scaling of

FIG. 11. Plots of transverse and longitudinal electron beam parameters at IP vs time relative to the bunch center. The upper left shows
time-energy phase space with mean energy of 17.9 MeVand rms bunch length of 580 fs, a factor of 2 longer than at gun exit due to space
charge dynamics. The upper right shows that slice emittance remains low. The lower left shows 60 A peak current. The lower right plot
shows Bmag, which measures how well the different time slices overlap the central time slice in transverse phase space. Ideally Bmag ¼ 1
for all slices, but the central high current slices are most important.
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picosecond laser pulses at high repetition rates in the
kHz range is a nontrivial task because pulse stretching is
not as easy as with femtosecond laser pulses and thus the
amplified pulse fluence can easily reach the damage
threshold of optical materials and coatings. Recently,
new high-power ultrafast laser technologies based on

Yb∶YAG gain media at 1030 nm have been explored at
MIT [21,22] and other research groups [23,24]. Here, two
approaches are considered for the ICS laser amplifier
design: (1) a conventional rod-type cryogenic Yb∶YAG
amplifier [22] and (2) a composite-thin-disk cryogenic
Yb∶YAG amplifier with strict image relay [25].

FIG. 12. Plots of transverse properties of electron beam at interaction point. The upper left shows the density plot of electron position
vs time showing most of the beam is well focused. The upper right plot shows time-integrated beam intensity with rms spot size of
3.5 μm. The lower left plot shows variation in focus size of different time slices and the lower right plot shows beam divergence vs time.
The electron beam divergence of 2–3 mrad is similar in magnitude to the x-ray opening angle.

TABLE II. Cathode laser and initial electron beam parameters.

Parameter Value Unit

Normalized emittance 1 × 10−7 mrad
Peak current 120 Amps
Bunch charge 100 pC
Laser FWHM length 150 fs
Laser temporal shape Arbitrary
Laser spatial shape Parabolic
Laser edge radius 0.6 mm
Peak rf field 140 MV=m
rf phase at emission 50 degrees

TABLE III. Electron beam parameters at laser interaction point.

Parameter Value Unit

Peak current 70 Amps
Normalized emittance 2 × 10−7 mrad
rms δE=E 8 × 10−4 � � �
Energy 8–40 MeV
Bunch charge 100 pC
rms bunch length 490 fs
Beta function at IP 1.5 mm
Beam size at IP 1.9 μm
Repetition rate 100 kHz
Average current 10 μA
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First, we present a high-energy rod-type cryogenic
Yb∶YAG amplifier operating at kHz repetition rate [26].
The layout of a multistage cryogenic Yb∶YAG chirped-
pulse amplification (CPA) laser system is illustrated in
Fig. 14(a). The output from a Ti∶sapphire oscillator is
preamplified in Yb-doped fiber amplifiers, stretched by a
chirped volume Bragg grating pair to ∼560 ps with 0.7 nm
of bandwidth at 1029 nm, and then amplified by a kHz
6-mJ regenerative amplifier [22] and two multipass ampli-
fiers that are all based on cryogenically cooled Yb:YAG.
We used a 1%-doped 10-mm-long Yb∶YAG crystal in the
first two-pass amplifier and a 2%-doped 20-mm-long
crystal in the second single-pass amplifier. Each crystal
has 2 mm of an undoped YAG end cap on the pumping
side. The crystals are indium bonded to a heat sink and
cooled to 77 K by liquid nitrogen in a vacuum chamber
connected to an auto-refilling system. The beam size and
the divergence at each stage have been carefully matched to
the pump beams using telescopes. The periscope after the
two-pass amplifier helps compensate the thermally induced
astigmatism induced by both amplifiers. The maximum
energy from the second and third amplifiers is 30 and
56 mJ, respectively, with excellent beam profiles, as shown
in Figs. 14(b) and 14(c). The pump power from two

fiber-coupled continuous wave 940 nm laser diodes at
the maximum output energy are both 240 W, while the
absorption is ∼75% at Crystal 1 and ∼95% at Crystal 2,
respectively. The amplified pulse with a spectral bandwidth
of 0.2 nm is compressed to 17 ps using a multilayer
dielectric grating pair with a throughput efficiency of 75%,
delivering a compressed energy of 42 mJ. This is one of the
most powerful high energy picosecond lasers operating at
kHz repetition rates.
It should be noted that the pulse duration before

compression is ∼150 ps which is shortened from 560 ps
due to the gain narrowing in the regenerative amplifier.
Currently, the amplified pulse energy of 56 mJ is limited by
nonlinear phase accumulation (B-integral). Our simulations
[27] show that 100 mJ of energy can be obtained if the
stretched pulse is maintained to be ∼300 ps using a room-
temperature Yb∶YAG or Yb∶KYW regenerative amplifier
in which the gain narrowing effect is significantly reduced
due to ∼10 times broader emission bandwidth than that at
cryogenic temperature. In this case, the compressed pulse
duration can be reduced to 3 ps as well due to a broader
spectral bandwidth.
It is desirable to have a more compact Yb∶YAG

amplifier that also enables higher energies in the future.

FIG. 13. Block diagram of the laser systems showing the common oscillator feeding into the amplifiers for the photocathode laser and
ICS laser. The Yb∶KYW photocathode laser requires a 100 pulse train at 1 kHz repetition rate for an average output power of 20 W in
the IR. The ICS laser is a cryocooled Yb∶YAG amplifier that produces a single 100 mJ IR pulse at 1 kHz. The IR pulse is coupled into a
linear ringdown cavity where it is trapped using second harmonic generation and dichroic mirrors [20]. The 515 nm light then collides
with electron bunches that arrive in a train synchronized to the cavity round-trip time.
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To meet those goals we have demonstrated a high-energy
high-power cryogenic composite-thin-disk Yb∶YAG laser
with a strictly image relayed multipass architecture [25].
Our goal is a 100 W average power laser system with
1 kHz, 100 mJ pulses of ∼3 ps duration to drive the ICS
laser ringdown cavity. The heart of our laser driver is a
diode pumped cryogenic composite-thin disk that can
operate at higher gain per pass than a traditional room
temperature thin disk (inset in Fig. 15). On the cooled face,
the laser-grade high reflector is in intimate contact with a
cryogenically cooled heat spreader through soldering,. The
opposite face of the thermally loaded gain sheet is diffusion
bonded to an index matched cap of undoped YAG. The
function of the undoped cap is to dilute fluorescence
diminishing the influence of amplified spontaneous emis-
sion and dramatically enhancing energy storage of inverted
Yb3þ ions. The edges are fashioned to eject fluorescence;
furthermore, the much stiffer gain element affords resil-
ience to thermomechanical deformations for excellent
beam quality.

We utilize a chirped pulse amplification technique [28],
in which the seed pulses for the amplifier chain are
generated from a femtosecond Yb-doped fiber laser [29]
and stretched with conventional gold-ruled (Horiba)
gratings. The seed is boosted to ∼5 nJ with an in-line
Yb-doped fiber amplifier before injecting a commercial
Yb∶KYW regenerative amplifier (Amplitude Systemes)
that outputs 2 mJ, ∼0.3 ns pulses at repetition rates up
to 1 kHz. The output pulses from the regenerative amplifier
are then injected into the cryogenically cooled composite-
disk multipass amplifier utilizing the greatly improved
thermomechanical, thermo-optical and spectroscopic
advantages of operating Yb∶YAG at cryogenic temperature
[29,30]. To increase bandwidth, the multipass amplifier
operates at 130 K bringing the pulse energy to 100 mJ
before being compressed with dielectric-coated gratings
(Plymouth Gratings). The demonstrated performance for
the cryogenic Yb∶YAG laser is shown in Fig. 16.
Increasing the stretching factor will allow for the ampli-
fication of higher energy pulses.

FIG. 14. Optical layout of the three-stage kHz picosecond cryogenic Yb∶YAG CPA laser (a) and the beam profiles from the two-pass
(b) and the single-pass amplifiers (c) [26]. The circular fringes in the beam profiles are the measurement artifact from neutral density
filters. Crystal 1, 1% doped, 10-mm-long Yb∶YAG; Crystal 2, 2% doped, 20-mm-long, Yb∶YAG; D, diameter; HR, high reflector; DM,
dichroic mirror; TFP, thin-film polarizer; λ=2, half wave plate; λ=4, quarter wave plate; LD, laser diode at 940 nm.
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B. Ringdown cavity

A linear ringdown cavity was selected because of its
ability to produce a small micron-sized and symmetric
focal spot at the interaction point. Second harmonic
coupling into the cavity [20] is a good solution for high
power pulses. The linear cavity, shown schematically in
Fig. 17, is arranged for conjugate image relay. The round-
trip length of the cavity is 1.5 m which corresponds to the
repetition rate of the electron bunches in burst mode. The
cavity loss is on the order of 1% with high-reflection and
anti-reflection coatings contributing less than 0.2% loss per
element [31,32] and the lithium triborate (LBO) crystal
contributing 0.2%–0.5% loss [33]. This will allow for
efficient interaction with all 100 of the electron bunches
produced in burst mode. The pulse energy and B-integral
per pass are shown in Fig. 18. In order to remain
synchronized with the electron bunch burst, the cavity
round-trip frequency will be locked to the fiber oscillator

which seeds the ICS collision laser and the photocathode
drive laser. The accumulated temporal offset should be held
below 0.5 ps given the laser pulse and electron bunch
width, which corresponds to a cavity stability of 1.5 μm.

FIG. 15. The key components in our high average-power high pulse-energy chirped pulse amplifier design are a shaped composite-
thin-disk gain element (inset in the left panel) that is cryogenically cooled and a passively switched strictly image relayed multipass
architecture utilizing a beam-smoothing telescope. A photograph of the hardware is on the right.

FIG. 16. (left) Achieved pulse energy at 200 Hz using a high-energy high-power cryogenic composite-thin-disk Yb∶YAG amplifier
and (right) the near field beam pattern at 60 mJ pulse energy.

FIG. 17. Schematic of the linear ringdown cavity with the
interaction point labeled IP corresponding to both the electron
beam and laser beam waist. The electron beam is at an angle
θ ¼ 50 mrad with respect to the laser beam.
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The 100 mJ IR pulse is coupled into the cavity through a
dichroicmirror. After coupling into the cavity the IR pulse is
up-converted to 515 nm via second harmonic generation in
LBO [34]. The target second harmonic generation (SHG)
conversion efficiency is 50% [34,35] occurring during two
passes of the IR pulse through the LBO, in order to
minimize the losses and undesired nonlinearities during
the ringdown of the cavity. The residual IR pulse is removed
through the dichroic mirror from which it was coupled into
the cavity. A Faraday isolator is used to separate the input
and residual IR beam to prevent potential laser damage.
Due to the large number of round-trips and the signifi-

cant pulse energy, pulse filamentation due to small-scale
self-focusing is a significant concern for an optical cavity
which contains a fused silica lens and an SHG crystal. The
susceptibility of the cavity to filamentation is determined
by the accumulated B-integral [36,37], shown in Fig. 18,
which should ideally be kept below 1 radian. Due to the
large B-integral, spatial filtering in the form of an iris at the

interaction point will be used to remove the higher-order
content which is produced by self-focusing. Alternate
materials such as barium borate (BBO) for the SHG crystal
and CaF2 for the lens are being considered to further reduce
the B-integral. Detailed laser cavity parameters are shown
in Table IV.

C. Photocathode drive laser

Two significant challenges need to be addressed by the
photocathode laser. First, the burst-mode pulse format of
100 electron bunches at 1 kHz and 100 pC requires a
significant average power of 20 W. Second, in order for the
rf photoinjector to operate in the blowout regime the UV
laser pulse width needs to be close to ∼100 fs.
The photocathode laser is based on Yb∶KYW multipass

amplifiers. The pulse bursts are selected by an acousto-
optic modulator pulse picker, as illustrated in Fig. 13. The
Yb∶KYW gain medium has a higher gain cross section
than the Yb∶YAG crystal at room temperature, while
having a broad emission bandwidth (∼16 nm) to support
sub-ps pulse amplification. It is suitable for producing
moderately high average power and low energy per pulses
(∼ mJ level) without cryogenic cooling technology. The
regenerative amplifier described in the ICS laser section
provides a very high gain in a single stage but it cannot
amplify the pulse train as needed for a photoinjector.
Therefore a multistage multipass amplifier with a proper
gain control is a straightforward way of obtaining a high-
power burst of optical pulses. In our design, we set the gain
in the first multipass Yb∶KYW amplifier to ∼400 to obtain
2 μJ of energy from individual pulses and that in the second
amplifier to ∼100 to obtain 200 μJ of energy. Each burst
contains 100 pulses totaling 20 mJ of energy, reaching
20 Wof average power at 1 kHz repetition rate. The control
of gain narrowing is important to maintain the final spectral
bandwidth broader than 3 nm to compress the pulses to
∼500 fs. Our calculation shows that the seed spectral
bandwidth of ∼12 nm with a gain of 4 × 104 will result
in a bandwidth of 4.5 nm for the amplified pulses, which
supports pulse compression to ∼300 fs. The compressed
pulses can be frequency quadrupled into UV pulses in two
BBO crystals via cascaded SHG with a conversion effi-
ciency of 10%. Finally, we can obtain a kHz UV burst
containing 150 fs pulses with 20 μJ of energy, which is an
ideal photocathode source for an rf gun.

VII. ACCELERATOR RF STRUCTURES

We have chosen to work at 9.3 GHz rf frequency
(X-band) due to the compact size it enables and the recent
availability of MW power klystrons at that frequency paired
with compact solid-state modulators. Lower frequency
structures such as S-band or C-band were ruled out on
the basis of their size, cost, and power requirements.
Although SLAC has developed structures at the nearby

FIG. 18. Pulse energy and B-integral as a function of pass
number in the ringdown cavity.

TABLE IV. ICS linear ringdown cavity.

Parameter 1030 nm 515 nm Unit

Repetition rate 200 200 MHz
Focal length (f1) 34.5 34.5 cm
Focal length (f2) 3 3 cm
w0 4.1 3 μm
wlens 26.66 18.85 mm
wdichroic mirror 4.64 3.28 mm
Pulse energy 100 50 mJ
Pulse width 2.8 2 ps
Peak surface intensity 26.15 73.97 GW=cm2

Peak energy density 73.2 148 mJ=cm2

Lens thickness 2.8 2.8 mm
SHG crystal thickness 1.57 1.57 mm
B-integral � � � 5.29 � � �
Passes 1 100 � � �
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frequency of 11.424 GHz, and an ICS source of gamma
rays for nuclear studies has been designed at Lawrence
Livermore National Laboratory using that technology
[38,39], the only power sources available are large klys-
trons meant for higher energy accelerators. The many
lessons learned from developing high gradient X-band
structures and the Linac Coherent Light Source (LCLS)
photoinjector at SLAC have been applied to the photo-
injector and linac cavity designs. For the injector these
considerations include adequate frequency separation of
nearby modes, compensation of the dipole and quadrupole
fields in the coupling cell, and low pulsed heating temper-
ature rise in the structure. A key design goal is to reach the
highest possible efficiency in the structure design in order
to enable operation of all accelerator structures with a
single 6 MW klystron, and also enabling kHz repetition
rates to get to the desired high average x-ray flux. The
subsections below describe the rf gun and linac. A third rf
structure will be used for characterizing the electron beam
longitudinal phase space. It is a standing-wave five-cell
TM110 deflecting mode cavity at 9.3 GHz requiring a few
hundred kW of rf power [40].

A. rf photoinjector

The photoinjector produces the electron beam and
provides initial acceleration to relativistic energy. Its critical
job is to accelerate a short bunch of electrons from rest at the
cathode to a few MeV while maintaining the small beam
emittance, low energy spread, and a short bunch length. To

accomplish this it requires high rf fields of 100 MV=m or
more with low focusing aberrations and high stability.
Thermal loading of the copper structure sets the maximum
field strength in the high repetition rate regime. We have
investigated X-band structures having 1.5 cells, 2.5 cells,
and 3.5 cells for their ability to produce a beam of several
MeV with high cathode gradient, moderate thermal loading,
and low rf power demand. The 3.5 cell gun shown in Fig. 19
outperforms the shorter structures in thermal loading while
maintaining a high gradient. The higher exit energy is also
beneficial for reducing space charge effects and producing a
less divergent beam. This structure does require higher
power to maintain the high gradient of 140 MV=m on the
cathode, needing 3 MW peak, but that is an acceptable
power budget for the single klystron.
The cell layout differs in several respects from other rf

photoinjectors. The “half” cell containing the cathode is
significantly shorter than λrf=4 with the iris center just
5 mm from the cathode. This is to reduce the electron transit
time allowing cathode emission at phases closer to the peak
rf field. The phase of emission depends on the charge
desired (in order to cancel the space charge energy chirp)
and is 50 degrees (peak field ¼ 90 degrees) for 100 pC.
This compares with e.g., the LCLS injector phase of 30
degrees which would have a field 50% lower at emission
for the same peak value. At higher rf frequencies the transit
time effect is even more pronounced resulting in the shorter
half cell. The electron bunch is short enough (sub-ps) that
phase-dependent rf focusing [41] is not a significant source
of projected emittance growth. We designed the field

FIG. 19. The left side shows assembly of photoinjector cells including extensive cooling channels needed for 3 kW heat load. The right
side shows a CAD model of the 3.5 cell cavity with coupling and waveguide. The final cell acts as a coupling cell.
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balance among the cells to give the highest fields
(140 MV=m peak) at the cathode and in cell 1 with the
peak field falling to 90% of that in cell 2 and to 45% in cell
3, which acts as the coupling cell. The higher fields are
important in the early cells to accelerate to relativistic
energy to overcome space charge effects. They are less
critical in the last cells. As seen in Fig. 19 cell 3 is a
coupling cell with a racetrack shape [42,43] to cancel the
quadrupole moment of the rf fields and dual waveguide
feeds to cancel the dipole moment. The lower field in this
coupling cell also helps avoid distorting the beam distri-
bution and lowers pulsed heating on the coupling slots. The
four cells can support four different modes. SUPERFISH
studies show the nearest mode is 18 MHz from the desired
pi mode, well outside the 2.2 MHz resonance width given
by the cavity loaded quality factor of 4200, assuming
critical coupling.
Operating at 1 kHz with 1 μs long pulses (0.5 μs flattop)

results in a thermal load of 3 kW. Figure 20 shows the
resulting temperature rise and thermal stresses. The water
cooling channels are also visible. Due to the large thermal
load in the cavity, targeted water channel placement is
required to minimize temperature rise and thermal stress.
Water channels with a total flow rate of 0.21 lps will operate
with a pressure drop of 0.45 atm and a temperature rise of

3–4 °C between the inlet and outlet. The rf cavity temper-
ature will be regulated within �0.1°C in order to keep the
gun cavity on resonance. Feedback on the rf phase from a
pickup measuring the reflected power from the gun will
stabilize the cavity phase. At peak thermal load the inlet
temperature and velocity will be 15 °C and 4 m=s, respec-
tively. The assembly will consist of five separate sub-
assemblies, brazed or diffusion bonded together. Each
section has integral water cooling channels with no joints
between water and vacuum.

B. rf linac

The linac design [44] is based on an invention [45] that
distributes the coupling over the cells of a standing-wave
accelerator structure [46]. The idea of feeding each cavity
has existed for some time [47–49]; however, until now
there has been no practical electron linac implementation
that allows such a topology to exist. What this invention
provides is a practical implementation of a microwave
circuit that is capable of feeding individual or multiple
cavities separately. This circuit is designed in such a way
that the coupling between cavities is minimized. Hence,
individual cavities can be optimized without the constraint
usually applied from the coupling between adjacent

FIG. 20. Finite element models of the rf photoinjector used for thermal and mechanical analysis. The upper plot shows temperature at a
3 kW average field corresponding to 3 MW peak and 1 μs pulses at 1 kHz repetition rate for a 0.1% duty cycle. The maximum
temperature rise is 35 °C. The lower plot shows the induced thermal stresses. There is one small area of maximum stress greater than
50 MPa at the tip of the first iris. Further optimization, in the form of iris modifications, will reduce this peak stress below that limit.
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cavities. This has the benefit of more efficient designs that
consume less rf power. Therefore, the overall cost of
building a linear accelerator system for any application
is substantially reduced. Indeed, benefiting from the
advantages of distributed feeding does not require feeding
every single cavity in the structure. A significant advantage
can be retained while increasing the number of cells per
feed arm from every individual cell to multiple cells.
Despite an increase in the number of cells fed per feed
arm the shunt impedance would be very high. This is
demonstrated in Fig. 21 which shows an analysis of the
shunt impedance vs number of cells being fed. The analysis
shown assumes the number of cells that are being fed by a
single feed arm is limited by the axial modal density.
Hence, the number is determined by the proximity of the π
mode to the nearest neighbor mode, and the need for this
separation to be more than the bandwidth determined by the
quality factor of the π mode. We choose to feed six-cell
segments with two independent rf couplers so that three
cells are coupled. The resonant modes are at 9.273, 9.291,
and 9.300 GHz. The 9 MHz mode separation is well
outside the 1.7 MHz resonance width given by the loaded
quality factor of 5500 assuming critical coupling with

intrinsic quality factor of 11 000. The analysis is done for
cavities operating at 9.3 GHz, but it can be done at any
other frequency as well to yield similar results.
The distribution between cavities can be provided with a

tap-off, instead of the directional couplers used in [46],
simplifying the system further. In this case, the cavities will
be coupled and this needs to be taken into account for the
design. One possible implementation of these tap-offs is
shown in Fig. 22. It uses a waveguide with its narrow wall
along the radial direction of the structure, which allows for
a compact mechanical structure. Then a dual tap-off from
each side, followed by an E-plane bend, provides the feed
to two sections of the accelerator structure simultaneously
through two coupling slots. Note that the feeding wave-
guide field has an odd symmetry around the two coupling
slots, and hence it is perfectly aligned to feed the π mode of
a standing-wave accelerator structure. This way one can
feed a number of accelerator structure sections with only a
series of tap-offs that are half the number of sections fed,
thus reducing the mechanical complexity of the overall
structure. Note also that, as shown in Fig. 22, it is possible
to design the overall tap-off network from identical tap-offs
separated by an integer number of free space wavelength.

FIG. 21. Aperture constraints for feeding more than one cavity at a time. (Left) Comparison between shunt impedance for an
optimization done on a single cavity and an optimization done on a set of cavities with adequate spacing between the π mode and the
nearest neighbor mode. (Right) The number of cavities allowed for the given coupling due to the aperture after the optimization.

FIG. 22. High efficiency standing-wave linac structure with distributed coupling. Two sections each 10 cm long are shown. Structures
would be stacked into a 1.3 m long linac providing approximately 21 MeVenergy gain for 1.6 MW input power. The right side shows π
mode with coupling.
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At the same time the amplitude of the output signal at each
tap-off is equal and the phases of the output of the tap-offs
are equal. Just as well, one could have designed the system
with a π phase shift between outputs to feed every odd
number of cavities rather than even, the case shown in
Fig. 22. Finally, note that the position of the short circuit at
the end of the distribution system plays a crucial role in the
design and has to be chosen carefully to achieve this
performance.
The overall performance of the device allows for an

extremely high repetition rate well above 10 kHz for short
pulses on the order of 500 ns. With an operational gradient
of 20 MV=m the maximum temperature rise for the iris
with a=λ ≈ 0.05 is roughly 15 °C. The peak power require-
ment to achieve this gradient is 1.6 MW, which leaves
plenty of power from the 6 MW klystron to account for
beam loading and the gun. A summary of parameters for
the rf structures is given in Table V.

VIII. RF TRANSMITTER AND POWER
DISTRIBUTION

A diagram of the X-band rf transmitter and microwave
distribution system is shown in Fig. 23 and the high-level rf
transmitter specifications are given in Table VI. A single-
klystron, pulsed rf source provides adjustable peak power
to the rf gun, rf deflector, and linac through the waveguide
system. Using remotely controlled couplers and phase
shifters, the output power from the klystron is variably
coupled to each of the three rf structures. An isolator
protects the klystron by reducing reflected power in case of
fill-time reflections or waveguide arcs. An optical arc
detector is placed directly at the klystron rf output flange.
To protect the klystron output window, this sensing system
removes rf drive in a few microseconds, should visible light
be detected above background either at the klystron
window, or in the direction of the isolator. A high power
dummy load is located at the end of the waveguide line to
dissipate power not consumed by the gun, deflector, or
linac. The waveguide system is insulated with SF6. The rf
transmitter and waveguide system operate in a lab envi-
ronment and are designed to operate continuously at the
maximum repetition rate of 1 kHz, 12 hours per day, 5 days
per week, for 48 weeks per year.

A. Klystron and modulator

The heart of the rf transmitter is the L-3 L6145-01
klystron. This -01 version is an upgrade (from 5 to 6 MW)
of the L6145 [50]. The cathode-pulsed klystron is
fixed tuned, electromagnetically focused, and operates at
9.3 GHz with a 30 MHz, 1 dB instantaneous bandwidth.

TABLE V. Parameters for linac and photoinjector structures.

Parameter Photoinjector Linac Unit

Length 5.3 1280 cm
Number cells 3.5 80 � � �
Shunt impedance 130 123 MΩ=m
R=Q 4.8 11.3 kOhm=m
Q unloaded 8400 11,000 � � �
Energy gain 3.2 21 MeV
rf power 2.9 1.6 MW
Peak wall E-fld 170 52 MV=m
Peak wall H-fld 266 51 kA=m
Iris diameter 6 6.4 mm

FIG. 23. Layout of rf waveguide equipment. Power is divided from the single klystron into three arms for the photoinjector, linac, and
deflector cavity. The phase and amplitude in each arm is individually controlled allowing flexibility in the power distribution.
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A 30 W solid-state power amplifier provides input power.
The klystron outputs 6 MW peak rf power, 500 ns pulse
widths, at up to 1000 pulses per second. The klystron can
operate at significantly higher than the 6 kW rf average
power and 500 ns pulse widths we specified. L-3 has tested
to 10.5 kW, 2.5 μs, and 700 Hz. An isolated collector
allows for beam transmission monitoring. The tube is very
compact at 74 cm length and 41 kg weight. For rf stability
reasons, the klystron body may be cooled with temperature-
regulated water. Test data indicates the klystron saturates at
6.0 MW output for 16 W input, for a gain of 61.5 dB.
The klystron cathode modulator (Fig. 24) is model K1-P

manufactured by ScandiNova Systems AB [51,52]. Their

IGBT-switched, fractional-turn pulse transformer topology
provides a flat (low droop and straight-line deviation) and
highly stable beam voltage for klystrons. The pulse stability
is much improved over older technologies based on pulse-
forming networks. Table VII gives the klystron modulator
basic specifications. We required that the modulator pro-
vide the peak beam voltage necessary to produce 6 MW rf
power plus 10% at the maximum repetition rate.
The klystron modulator is made up of a 19-inch equip-

ment rack and oil tank, mounted together on a common
chassis with oil pan. The modulator DC power supplies and
switching units, control system, and local control touch
screen are mounted in the equipment rack. The oil tank
houses the pulse transformer, droop compensation circuitry,
and core reset isolation inductor, and supports the klystron
and focus coil on its lid.

B. rf stability

The greatest technical challenge and most important
design objective of the transmitter equipment is the rf
stability requirement. Over a five-minute period, rf pulse-
to-pulse phase and amplitude stability are to be within
�0.15 degrees and �0.05%, respectively. For either phase
or amplitude, we further define the stability specification to
be the peak deviations (plus or minus) from a target value.
To gain understanding of what control is required to meet

these stability specifications one must know what param-
eters affect the rf output pulse and the sensitivities for each
of them. The klystron vendor has supplied modeling data
[53] using the same software (NRL/SAIC code TESLA,
L-3 code DEMEOS, and Ansoft code Maxwell) used to
design the klystron. For the case of saturated operation,
Table VIII shows the sensitivity of rf phase and amplitude
output to various parameters.
Table IX compiles specifications important to rf intra-

pulse and interpulse stability for the klystron beam voltage
and ancillary power supply currents. These were deter-
mined through the phase and amplitude pushing factors and
by determining what has been demonstrated by the klystron
modulator vendors. Short term stability, say over ten
pulses, will span 10 ms and should be dominated by high

TABLE VI. Radio-frequency transmitter specifications. Stabil-
ity values are pulse-to-pulse variation over a five-minute duration.

Parameter Value Unit

rf peak power 6.0 MW
rf frequency 9300� 15 MHz
Peak-to-peak phase stability �0.15 rf deg.
Peak-to-peak amp stability �0.05 %
rf pulse width 500 ns
rf average power 3.0 kW
Repetition rate 1000 Hz

FIG. 24. Photograph of the compact rf transmitter that provides
all power to photoinjector and linac.

TABLE VII. Klystron modulator basic specifications. Weight
includes klystron, focus coil, and focus coil power supplies.

Parameter Value Unit

Peak output voltage 143 kV
Peak output current 98 A
Klystron perveance 1.8 micropervs
Rise time 600 ns
Flattop 700 ns
Repetition rate 1000 Hz
Average output power 25 kW
Size 1.6 × 0.7 × 2.1 m
Weight 910 kg
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frequency power supply output variations. As the time span
increases, power supply line regulation and cooling are
important. We note that 5 PPM control of DC power
supplies has been achieved [54] with add-on controllers.

IX. SUMMARY

There is a vast gulf between the x-ray performance of a
modern synchrotron beam line and a home-laboratory
source based on bremsstrahlung. The synchrotron is 12
orders of magnitude brighter and produces several orders of
magnitude more flux, enabling qualitatively different sci-
ence. However, advances in laser and accelerator technol-
ogies have shrunk the size and cost of an accelerator-based
x-ray source to a scale suitable for the home lab, bringing
the power of synchrotron-like radiation into the home lab.
Our design estimates of x-ray performance include flux of
5 × 1011 photons= sec in a 5% bandwidth and brilliance of
2 × 1012 photons=ðsec mm2mrad2 0.1%Þ and rms pulse
duration of 0.5 ps. The proliferation of such sources is
likely to have a large impact on x-ray science and medicine,
allowing a wide and diverse range of researchers to probe
atomic-scale structure, high resolution medical imaging,
and femtosecond-scale time dynamics without the hurdles
of obtaining beam time at a remote facility. The impact of
introducing students and researchers from academia, medi-
cine, and industry to powerful x-ray techniques is likely to
expand the depth and diversity of science and scientists at
the major facilities as well as the x-ray community grows in
ways that it cannot today.
The new technologies include highly stable diode-

pumped tabletop lasers with high peak and average power,

and very compact high efficiency accelerators with modest
power requirements. The brilliance of the compact source is
several orders of magnitude higher than today’s lab sources
and its flux is substantially higher, while it is capable
of producing tunable, polarized monochromatic x rays.
Enhancements to the proposed source such as coherent
emission and operation with superconducting accelerators
and coherently pumped laser cavities can yield large
increases in performance with continuing R&D. With
regard to pulse length and source size, the compact source
outperforms the large synchrotrons.
We have described the accelerator that relies on a high

efficiency copper linac and photoinjector powered by a
single small klystron and solid-state modulator to produce
stable, high-brightness electron beams at energies of a few
tens of MeV. The high efficiency allows the linac to pulse at
1 kHz with a train of 100 electron bunches in each pulse for
an effective repetition rate of 100 kHz, many orders of
magnitude beyond standard copper linac performance.
The laser uses cryocooled ytterbium crystals to produce

the required high average power and short picosecond
pulses with exceptional beam quality. The laser pulse is
coupled into a ringdown cavity tuned to the electron bunch
train spacing so that the laser pulse repeatedly collides with
different bunches. The collision of the electron and laser
beams produces bright x rays via inverse Compton scatter-
ing, which requires both beams to be focused to a micron-
sized spot and to maintain picosecond or shorter length in
order to produce substantial x-ray flux. Example x-ray
beam lines using nested Kirkpatrick-Baez optics have been
described that are optimized for the ICS beam properties of
small source size and large divergence.
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