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Abstract

Jefferson Lab’s IR Upgrade FEL building was
planned from the beginning to be a user facility, and
includes an associated 600 m” area containing seven
laboratories. The high average power capability
(multikilowatt-level) in the near-infrared (1-3
microns), and many hundreds of watts at longer
wavelengths, along with an ultrafast (~ 1 ps) high
PRF (10’s MHz) temporal structure makes this laser a
unique source for both applied and basic research. In
addition to the FEL, we have a dedicated laboratory
capable of delivering high power (many tens of
watts) of broadband THz light. After commissioning
the IR Upgrade, we once again began delivering
beam to users in 2005. In this presentation, I will
give an overview of the FEL facility and its current
performance, lessons learned over the last two years,
and a synopsis of current and future experiments.

INTRODUCTION

The Free-electron laser (FEL) User Facility at
Jefferson Lab (JLab) saw first light in 1998, and ran
as a User Facility from 1999-2001. We then
decommissioned our first FEL, the IR Demo, so we
could install the IR Upgrade, which had almost an
order of magnitude higher output and a larger tuning
range. We once again began providing light to users
in 2005. Previous reports [1,2] provide details of the
uniqueness of the FEL driver accelerator, so this will
be touched on only briefly. Along with the capability
of the IR Demo to produce high average power, are
other unique properties for a laser source (even
compared to other FELs) in the mid-IR. To exploit
the IR Demo the building that houses it was designed
to be a user facility. An earlier report [3] gave some
of the details of the facility while it was being built.
This paper updates the current status of the facility,
including measured values of the laser output, and
discusses some of the infrastructure needed to run a
user facility efficiently and safely. We then consider
some of the interesting applied and basic research
which is being done, and conclude with future plans
for the facility.
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THE IR UPGRADE FEL

The Electron Accelerator

The driver accelerator of the IR Upgrade FEL uses
SRF accelerator technology consisting of a 10 MeV
injector (containing a DC photocathode gun driven by
a Nd:YLF laser) and a SRF linac (whose total
accelerating voltage may be as high as ~ 150 MeV) to
produce an electron beam with an average current of
~ 10 mA at a PRF of 74.85 MHz. More than one
percent of the electron beam power is converted to
outcoupled laser radiation. The beam is then
transported back through the linac where it is
decelerated and most of the kinetic energy increase
due to the linac is converted back into RF power.
The use of an energy-recovering linac (ERL) greatly
reduces the utility demands and installed RF power
and has an added benefit that the waste beam is
dumped at an energy below the giant photonuclear
resonance threshold, eliminating activation of the
beam dump.

This type of FEL was first demonstrated at the
Jefferson Lab in the spring of 1999 and, its design
and performance has been the subject of a number of
papers. [4,5] The FEL is housed in the vault of the
user facility [3] and has delivered several thousand
hours of laser beam time to users. Given our desire
to develop the FEL as an industrial tool, a generous
amount of this beam time was delivered to users
working on potential industrial applications. [6,7]

The advantage of ERL FELs is the ability to scale
the output power to very high levels, many 10’s of
kW in the IR, without greatly increasing the space
required to house it. This is because the FEL output
power scales with electron beam power, which can be
varied either with electron beam current or energy.
Another advantage is the ability to lase at
wavelengths that aren’t accessible with conventional
laser sources and at higher output powers. A
disadvantage is that FELs are larger and more
complex than conventional laser sources, however, an
industrial version could be built which is more
compact, and we have already demonstrated high
availability (approaching 95% over 80 hours).
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Figure 1 Layout and purpose of user labs in the JLab FEL Facility

The Optical Cavity and Transport

The optical cavity of the FEL is based on a nearly-
concentric resonator design of 32.016m length.
Mirrors for up to 4 different wavelength regions can
be installed in the mirror vessels; operators can
switch wavelengths, and be lasing again in about 15
minutes. Some of the design features of the cavity
are available in another publication [8].

Currently, the IR Upgrade currently uses a
permanent magnet, variable gap wiggler. The highest
output at several wavelengths is shown in Table 1.
Outcoupling is through a partially reflecting cavity
mirror, where it is then collimated and transported
upstairs first into the room where the optical
diagnostics are located, and then onto the User Labs.
(Fig. 1) Diagnosis and beam delivery are
simultaneous, only ~0.05% of the laser power is
delivered to the diagnostics, giving us the ability to
provide realtime information on power, wavelength,
and pulselength to our users.

Table 1: IR Upgrade FEL Output Power at several

wavelengths.
Wavelength (um) Average Power (kW)
1.1 2.2
1.6 14.3
2.8 6.7

All mirrors in the cavity and transport are water
cooled to minimize thermally-induced surface
aberrations that would degrade the wavefront, and
shielded to minimize absorption of stray light on the
mounting hardware that cause beam steering.
Presently, all mirrors in the transport are silicon with
protected silver coatings. The choice of metal
coatings allows us to transport the wide tuning range
of the IR Upgrade without changing mirrors. When
lasing on the fundamental, the FEL still produces
harmonics with powers in the uW to mW range,
which can be used as probes or for alignment
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purposes. A down side to this choice of coating 1s the
loss of ~ 25% of the laser output to absorption and
scatter. The beam is transported in a high vacuum (at
~ 107 Torr), to avoid absorption by the atmosphere.
In order to send beam into any one lab there is a
mirror cassette, an assembly containing mirrors on a
linear translation stage. Currently, every mirror
cassette contains a metal reflector, eventually two
more mirrors will be added, each with dielectric
coatings for higher reflectivity at a particular
wavelength. There is also a home position, where the
beam traverses the cassette without intersecting a
mirror The mirror cassette diverts the beam into a
short line containing an insertable mirror that directs
the beam into a water-cooled dump; this serves as a
local shutter for the user. When withdrawn, the beam
then exits into the lab through a calcium fluoride or
fused silica Brewster window.

The THz Beamline

As shown in Fig. 1, there is a THz lab located near
the center of the laboratory area. As discussed
elsewhere [9,10] we take advantage of the
multiparticle coherence of our electron beam to
extract broadband radiation in the THz region of the
spectrum and transport it into a lab. The lower power
(~ 100 W) of the THz beam makes it unnecessary to
cool the optics in the beamline. Transport is also in
vacuum, with a diamond window placed at a point
where the beam is imaged to a waist, and is thus
small. From there the beam continues in vacuum, but
at a higher pressure (mTorr) than the initial part of
the beamline. The beam exits into a hutch within the
lab through a second diamond window, where it can
travel through evacuated chambers containing the
experiment, or in air.

Laser Personnel Safety System (LPSS)

Transport of a beam with such high power requires
safety procedures and controls to protect personnel as
well as equipment. This was implemented through



Proceedings of FEL 2007, Novosibirsk, Russia

PLC-based hardware (with status passed to the
controls software) to prevent inadvertent transport of
beam into an area that has not been properly
interlocked.  Several different modes exist. For
delivery of the FEL to a lab, either the entire lab can
be interlocked (exclusionary mode) or the experiment
is enclosed in an interlocked hutch (hutch mode).
When a lab’s LPSS in made up, a maglock energizes.
Entry (when permitted) is by a “smart card” system
that allows access only to personnel and users that are
aware of the FEL and other hazards in a particular
room. Recognizing that for many types of
experiments, e.g., pump-probe, alignment is critical
and difficult to optimize remotely, we have defined a
state of operation known as “alignment mode”. In
this mode, the accelerator is locked into a state where
the laser produces a low duty factor pulsed beam
operating at 2 Hz with a pulsewidth of 250 usec.
During this time users can be in what normally be
considered an exclusionary lab, or a user can be in the
hutch. In the usual mode of operation, known as
“laser permit”, the lab is “swept”, that is, checked to
make sure that all personnel are outside the lab before
the interlocks are engaged. Failure of an interlock
causes the lab to become safe, inserting the local
shutter, an intracavity shutter to prevent lasing, and
setting the mirror cassette to the home position.
However, the accelerator remains on. This allows us
to maintain stable operations and more quickly
resume lasing after the problem is corrected.

Most labs also have Class 4 laser systems in them,
capable of operating without the FEL. To allow FEL
beam delivery to one lab, and use of a laser system in
another lab, we have a “local laser” mode, whereby
the lab must still be swept and the interlocks made
up. However, FEL beam delivery is prevented in
several ways.

FEL operators and users receive formal training,
through documentation and a walk-through by the
Laser Systems Supervisor for the FEL. They are then
given a test that must be passed before their badge
allows them into the lab they will be working in.
FEL operators are trained for all labs.

Facility Administration

Formal training of staff and users is just one facet
of the administration of a user facility. We have
modeled our procedures on those in place at the
various synchrotron light sources in the United
States; these have an experience based on over two
decades of operations. Potential users must submit a
request for beam time that is then reviewed externally
by a Program Advisory Committee (PAC) and
internally for feasibility. If accepted, users must
submit two other forms that state what beam
conditions and, possibly, changes to the hardware or
software that they require, and, an evaluation of any
hazards associated with the experiment, e.g., solvents
used, or toxic materials produced as a byproduct of
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exposure to the beam. This latter document is
evaluated by the laboratory safety professionals and
an experiment cannot proceed without their approval.

APPLICATIONS

Ablative processing of materials

Carbon nanotubes are increasingly utilized in
various technologies. Demand for the single-wall
variety is such that the price for high-quality material
is currently about $500/gm, with pure material priced
at over $2K/gm [11]. Current techniques produce
about 0.2 gm/hr. [12] In comparison, worldwide
demand is of order of thousands of kilograms
annually. [13]. Using the IR Demo FEL and
delivering an average power of about 300 W onto the
target, researchers obtained yields of 1.5 gm/hr, far
higher than competing techniques. [14] Work to
optimize yield and dimensions have continued using
the IR Upgrade FEL delivering about 1 kW of 1.6 um
light into the reactor.

The processing of nonmetallic materials was also
studied with the IR Demo FEL. One study [15],
showed the benefits of wavelength tunability. In this
investigation polyimide (DuPont Kapton HN100)
was irradiated at two wavelengths, 3.1 um (off-
resonance) and at 5.8 um (on-resonance). Processing
at the shorter wavelength, where the material was
transparent, resulted in blackening of the material, a
sign that the polymer has been thermally degraded.
Tuning the laser to the longer wavelength resulted in
cleanly-drilled holes, indicating the processing was
nonthermal. This “cold-cutting” mode exhibited by
IR FELs has been noted in earlier studies [16],
enabling PLD of polymers.

Surface Processing

Besides  ablative  processes, thermal (or
physiochemical) processes can be employed to
perform surface modifications. No material is lost,
merely melted and then resolidified, or while quite
hot, transformed by oxidation, nitriding, or

Fig. 2 Formation of dendrites of 8-TiN, after bursts of
FEL irradiation at 3.15 microns. From Ref 19
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carburization. An example which is familiar to many
is the application of titanium nitride (TiN) on tool
bits. This gives the bit a distinctive gold color. TiN
is also used to improve the biocompatibility and wear
characteristics of replacement joints [17]. In a series
of papers, P. Schaaf and coworkers from the
University of Gottingen have published the results for
the nitriding of Ti metal with the FEL. The FEL was
operated at 3 wm, usually in a burst mode (also
known as a macropulse). Compared to other types of
laser nitrided titanium, the FEL-produced material
had a thicker and harder coating [18]. This appears to
be due to the formation of oriented (200) dendrites of
8-TiN,, as shown in Fig. 2. While one might think
that this would result in a rough surface, in fact it is
fairly smooth. [19]

Medical Applications

With the wavelength and timing flexibility of the
IR Upgrade FEL, it is natural to use it in medical
applications. One such application is known as
selective photothermolysis, the selective heating of
tissues with light. By carefully choosing a
wavelength in the near infrared, researchers targeted
lipid-rich cells and heated them preferentially without
heating the surrounding tissue. This study [20] paves
the way for a laser treatment of acne, a condition
where a sebaceous gland is producing too much lipid.
Only the over-active glands, located a few
millimeters under the surface of the skin are killed by
the absorption of light, leaving the other cells
unaffected. This technique also shows promise in the
treatment of atherosclerosis, which if left untreated
leads to heart disease and stroke.

THz Applications

The spectral region covered by THz radiation,
roughly 1 mm to 0.1 mm in wavelength, is absorbed
by transitions between electronic states and/or
vibrational states in matter. Because these states are
specific to a particular molecule, or ion,
spectroscopy, either in the time domain, or in the
frequency domain can be used for location and
identification. This makes the use of the THz region
of the spectrum attractive for applications such as
medical imaging or hazardous material detection and
nondestructive testing. While the list of applications
is long, progress from the lab to the field has been
hampered by the lack of high average power (several
watts) sources. The THz source at JLab, is capable of
producing high power, broadband, ultrashort pulsed
radiation to evaluate the utility of some of these
applications. It was recently used to make full-field
video-frame rate images of a moving object [21]. We
anticipate exciting results from the research occurring
in this lab.
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LESSONS LEARNED

While one might think that the user experiments
occurring over the last two years were simply a
continuation of the IR Demo user runs, with few new
lessons to learn, in fact, that wasn’t the case. The IR
Upgrade was built in part to make it more attractive
to users. And, we took the lessons learned from the
first several years of operation to improve how we
treated beam delivery to the labs, particularly in the
use of hutches. By housing experiments in a hutch,
the users are in close proximity to their hardware,
making interfacing and sample changes far easier.
Since the hutch eliminates the need to wear laser
safety eyewear while the experiment is underway,
we’ve found that users prefer this mode of operation.
The preplanning of an experiment that is necessitated
by the proposal and approval process encourages a lot
of dialog between the users and members of the
facility. This lessens the amount of time lost because
the experiment isn’t ready, time that is particularly at
a premium when the users have come from a distance
and have a well-defined period during which their
experiment is supposed to run.

Ultimately, when running a user facility, what
makes it work is the attitude and aptitude of the staff.
The operators of the FEL are also its builders, and
thus can respond to requests for unusual modes of
machine operation.

CONCLUSIONS

Since the last paper on the JLab FEL User Facility
[3], there have been a number of improvements to the
facility over and above the upgraded IR FEL. In
addition to outlining some of these improvements,
I‘ve highlighted some applications and experiments
that an ERL-based FEL enables more readily than
other lasers. Even then, this is merely a sampling;
space does not permit me to discuss all the
applications currently envisioned for an IR FEL,
much less one that operates in the UV. Indeed, the
prevailing view is that the best application for a FEL
has yet to be found.
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