
Project Goals
To build and operate a transformative
compact free electron laser instrument
for innovative research in the physical,
biological, and chemical sciences, along
with medicine on the Yale campus.

Resources Needed
- Shops: Machine and Electronics Shops
- Expertise: Small accelerator operations
- Personnel: FEL operators, experiment 

shifters, hardware and software 
engineers, student and postdocs

- Management: Director, Budgeting, EH&S
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Department/Experimental Particle 
Physics at LHC and on campus
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ver-k-baker

accelerator and an undulator magnet, as shown in Fig. 1.
Optical elements and input electromagnetic waves to be
amplified may be added, as we will see later. Many types
of accelerators have been and are used to produce the electron
beams: microtrons, electron storage rings, electrostatic accel-
erators, room temperature and superconducting radio fre-
quency linear accelerator. They cover an energy range from
a few MeV to about 20 GeV. Electron linear accelerators
(linacs), at room temperature or superconducting, with an
energy from about 1 to 15 GeVare being used for x-ray FELs.
The undulators are mainly of two types (Elleaume, 1990).

One is a helical undulator, with a periodic transverse helical
magnetic field produced on the axis of a double-helix-wound
bifilar magnet with equal and opposite currents in each helix
(Kincaid, 1977). The electron trajectory is also a helix around
the system axis. The other is a planar undulator (Motz, 1951),
produced by alternating dipole magnets, with the field
changing in a plane like a sinusoid of period λU, usually a
few centimeters, and amplitude B0, typically about 1 T. In this
field the electron moves along a sinusoidal, oscillating
trajectory in a plane perpendicular to the magnetic field
direction. In both cases the electron emits a wave train with
a number of periods equal to the number of undulator periods
NU. The radiation wavelength is equal to the undulator period
reduced by a relativistic contraction factor, proportional to the
square of the electron energy. This quadratic dependence
makes it easy to change the wavelength from the centimeter or
millimeter range for electrons with energy of a few MeV to
about 1 Å for energy of about 10 GeV or larger.
Madey and co-workers successfully built in the 1970s the

first two FELs, operating at infrared wavelengths. The first
(Deacon et al., 1977), shown in Fig. 2, amplified the radiation
from a CO2 laser at a wavelength of 10.6 μm. It used a
24 MeV electron beam from a superconducting linear accel-
erator at Stanford, with current of 5 to 70 mA. The undulator
was of the helical type obtained with a superconducting,

right-hand double helix, a period of 3.2 cm, and a length of
5.2 m. The single pass gain was as large as 7%.
The second experiment (Elias et al., 1976) was an FEL

oscillator, operating at a wavelength of 3.4 μm, beam energy
of 43 MeV, the same helical undulator, and an optical cavity
12.7 m long, as shown in Fig. 3. The cavity length is chosen so
that the back and forth travel time of the light pulse in the
cavity is equal to the time separation between electron
bunches from the linac. The oscillator starts from the sponta-
neous radiation generated initially by the electron beam.
The theoretical framework for this work was Madey’s low-

gain theory (Madey, 1971), using quantum theory to describe
the FEL process as stimulated bremsstrahlung in a periodic
magnetic field. A remarkable result was that, even starting
from quantum theory, the final gain did not depend on
Planck’s constant. The FEL gain is a classical effect.
The works of Motz (1953) on undulator radiation, Pantell,

Soncini, and Puthoff (1968) on stimulated Compton scatter-
ing, and Phillips (1960)on the Ubitron, are a precursor to that
of Madey. Palmer (1972), Robinson (1985), whose paper
was published posthumously, and Csonka (1976) explored
similar ideas.
The experiments by Madey and co-workers stimulated the

interest of many scientists and led to the construction of more
FELs in the infrared and visible regions. However, the scaling
with a wavelength of the low signal gain was not favorable for
extending the FEL operation to shorter wavelengths.
The next important step was the development of the high-

gain theory (Kroll and McMullin, 1978; Sprangle and Smith,
1980; Dattoli et al., 1981; Gover and Sprangle, 1981;
Bonifacio, Casagrande, and Casati, 1982; Bonifacio,
Pellegrini, and Narducci, 1984; Gea-Banacloche, Moore,
and Scully, 1984; Jerby and Gover, 1985; Sprangle, Tang,
and Roberson, 1985; Kim, 1986a; Wang and Yu, 1986;
Bonifacio, Casagrande, and Pellegrini, 1987) and three-
dimensional theory (Kondradenko and Saldin, 1980;
Moore, 1984, 1985; Scharlemann, Sessler, and Wurtele,
1985; Kim, 1986b; Krinsky and Yu, 1987; Yu, Krinsky,
and Gluckstern, 1990) including diffraction effects.

FIG. 1. Schematic representation of a free-electron laser.

FIG. 2. Madey’s amplifier experiment. The undulator is a bifilar
superconducting coil. From Deacon et al., 1977.

FIG. 3. Madey’s FEL oscillator configuration. From Elias et al.,
1976.
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Largely already existing on campus!!



Current Approach
Current on-campus resources are mostly in place for this project goals. Machine shops for
professionals and properly trained students, electronics expertise, EH&S all exist in the
Wright Lab. A re-orientation of the current Beam Physics Laboratory will be needed.
Expertise in software development and use, as well as experimental setup and
implementation exists in students and postdoctoral researchers. The FEL construction and
its use will require trained personnel not all of whom are presently available at the
University. The proposed approach is to partner with a major federal funding agency such
as the Department of Energy in the FEL construction and operation.

An instrumentation development center would enable urgent and fundamental innovative
research in STEM and medicine in a campus environment where none exists at this level at
universities. University facilities allow quick and innovative results with an on-campus (IR)
light source, and a stepping stone towards a future compact x-ray FEL.
Examples include: FEL use in understanding COVID-19 at a fundamental microscopic level.
Twisted beams of electrons and photons for quantum information science R&D. Search for
Beyond the standard model phenomena in experimental particle physics. It provides a
great training venue for students and postdoctoral researchers.


