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The advent of free electron lasers opens up new opportunities to probe the dynamics of ultrafast processes
and the structure of matter with unprecedented spatial and temporal resolution. New methods inaccessible with
other known types of radiation sources can be developed, resulting in a breakthrough in deep understanding the
fundamentals of life as well as in numerous medical and biological applications. In the present work the properties
of free electron laser radiation that make the sources excellent for probing biological matter at an arbitrary
wavelength, in a wide range of intensities and pulse durations are briefly discussed. A number of biophysical
and biomedical applications of the new sources, currently considered among the most promising in the field, are

presented.

PACS numbers: 87.59.—e, 41.60.Cr, 07.85.Qe, 82.53.Ps, 87.64.Bx

1. Introduction

Classic optical lasers generate beams that are con-
strained to photon energies determined by discrete quan-
tum states in an atomic gain medium. Contrary to this,
the free electron lasers (FELs) utilize a relativistic elec-
tron beam from an accelerator as a lasing medium. The
monochromatic radiation is generated when the acceler-
ated beam passes through a periodic structure of alter-
nating in-line magnetic field formed in undulator. The
wavelength of the emitted radiation depends only on the
undulator magnetic period, the intensity of magnetic field
in the undulator, and the energy of accelerated elec-
trons that can be continuously tuned to arbitrary values.
Apart easy tunability over a reasonable photon energy
range, the radiation is characterized with a unique combi-
nation of coherence, polarization, and high power /pulse.
Its complex superpulse structure met in some machines,
as well as ability to operate in various modes of pulse
emission, from quasicontinuous up to ultrafast, several
femtosecond single pulses is also advantageous in many
applications. With these emission properties FELs span
gap between conventional lasers and synchrotron radia-
tion (SR) sources.

Though all free electron lasers consist of an electron ac-
celerator and an undulator as the major parts, two main
types should be distinguished. The one, known as oscil-
lator FEL or low-gain FEL operates in a multipass mode.
This means that, due to a low gain, the generated light
beam is accumulated in subsequent acts of interaction
of the electromagnetic energy trapped in an optical cav-
ity with electron bunches within the cavity. This type
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of FEL has, similarly to classical lasers, a lower wave-
length limit of operation due to cavity construction lim-
itations. Contrary to this, high-gain FELs do not need
cavity to operate, getting all the emission energy in a
single pass through a long undulator with a single elec-
tron bunch. The two types of free electron lasers are
compared in Figs. 1 and 2, where schematic views of the
low-gain free electron laser with optical cavity (Fig. 1)
and of the high gain self amplified spontaneous emission
FEL (SASE-FEL) with superconducting electron accel-
erator modules (Fig. 2) are shown. A concise review of
FEL principles and types can be found elsewhere (see,
e.g. a tutorial review on free electron laseres by Khan [1]
and references cited therein).

ﬂé
G Mz
® ,
Fig. 1. Schematic view of low-gain free electron laser

with optical cavity. G — electron gun, A — accelerator,
U — undulator, M — mirrors.

First FELs started operation since 1977, delivering ra-
diation at wavelengths in the mid-IR region of few pm.
Up to 1988 the shortest attainable wavelength was
240 nm with a small progress to 212 nm ten years later.
By the end of 20th century the lowest wavelength moved
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Fig. 2. Schematic view of high-gain SASE FEL with
superconducting electron accelerator modules. 1 —
electron gun with laser-driven photocatode, 2 — SC

modules of electron accelerator, 3 — electron beam com-
pressor (chicane), 4 — electron beam collimator, 5 —
undulator sections, 6 — bending magnet, 7 — electron
beam absorber, X — laser beam.

down to 193.7 nm, all this with optical cavity, low-gain
FELs [2]. With the introduction, at the turn of centuries,
of high-gain SASE FEL, capable of delivering radiation
without any optical cavity, the limit has moved rapidly
to 100-120 nm in 1999. In the next decade the mini-
mal wavelength has been shifted up to 6.3 nm at FLASH
free electron laser user facility in Hamburg [3]. High-
-gain FELs, contrary to other laser sources, can oper-
ate in the spectral regions of short wavelengths, ranging
from extreme UV through soft and hard X-rays, with
peak power that can exceed more than 1 GW in a single
ultrafast pulse of 10-20 fs and less. Spectral brightness
of the new X-FEL sources under construction, to be op-
erational in the next few years, will be up to 9 orders
of magnitude higher, as compared to the most intense
3rd generation light sources and will reach a value of
10%° photons/(s mrad? mm? 0.1% BW), emitted in ul-
trafast pulses of less than 10 fs [4]. Due to mentioned
above properties, as well as simple structure of ultrafast
pulses, the SASE FELS have been recognized as excellent
sources to probe the dynamics of ultrafast processes and
the structure of matter with unprecedented spatial and
temporal resolution, making it possible to apply methods
inaccessible with other known types of radiation sources.

Following the success of SR sources, extensively ap-
plied in biology and in medicine for more than thirty
years [5—7], intense FEL beams opened up new perspec-
tives. The new type of source was found soon to be ex-
cellent for probing soft tissue with superior sensitivity,
in a wide range of wavelengths, intensities and pulse du-
rations, capable to detect even small tissue variations.
A rapidly growing interest in application of FEL beams
is observed in many areas of biomedical science opening
up new opportunities to study life forms on different lev-
els, from biomolecules and subcellular structures up to
whole organisms.

The aim of this work is to draw some exemplary ap-
plications at FEL sources operating with various ranges
of wavelengths that are at present recognized among the
most promising to the development of biomedical science
and new medical techniques. Most of the described tech-
niques are anticipated to be included in the scientific
program at the Polish Free Electron Laser (POLFEL),
proposed to be built at the Andrzej Solttan Institute for
Nuclear Studies in Swierk near Warsaw [8].

2. FEL for surgery

Interaction of intense laser beams with tissue has been
systematically investigated soon after FEL invention.
The new light sources contributed mainly with their easy
tunability and time structure of pulsed emission to a
stormy development of biomedical laser techniques. Due
to this, FELs turned out to be superior to regularly used
classical laser sources in optimizing the wavelength-dose-
-pulse structure pattern to various types of tissue abla-
tion and in search for minimizing the adverse effects in
photoablative surgical techniques [9].

The optimal wavelength at which laser ablates a tis-
sue depends primarily on the relative (differential) ab-
sorption of main tissue components, that is the water,
the mineral components, if any, and the specific proteins.
Thus, knowing the absorption spectrum of a tissue, some
wavelengths can be guessed to be potentially suitable for
optimal ablation (characterized by a high efficiency and
low collateral damage). However, a complexity of pho-
toablation processes makes it necessary to experimentally
confirm the parameters optimal for the ablation of a spe-
cific tissue.

Most of this work has been done in the mid-IR range of
wavelengths, partially due to the fact that early low-gain
FELs delivered mostly a long-wavelength radiation. Few
characteristic absorption bands have been identified as
potentially suitable to optimal ablation in the range of
1-10 pm. In this water (OH stretch mode), 2.94 pm, pro-
tein (amide-II band), 6.45 ym, both water (H-O-H bend)
and protein (amide-I band), 6.10-6.12 ym, 7.01 pgm (C-O
stretch of cholesterol), 8.17 um (P-O-P antisymmetric
stretch), 8.525 um (C=O stretch of protein). A band
at 2.79 pm associated with the potential shift in the dy-
namic optical properties of water during tissue irradiance
with the intense laser beam was also considered [10].

In a number of experiments with IR-FEL sources, the
surgical ablation of specific hard and soft tissues was
studied at various wavelengths and in many cases the op-
timal conditions were determined. For the cortical bone
ablation, the highest mass removal occurred at 6.1 pm,
where also the least collateral thermal injury was pro-
duced [9, 10]. The surface modification of root dentin was
found to be strongly dependent on the laser parameters
applied. The optimum wavelengths for laser treatment of
root surface caries were estimated to 9.0 ym or near to
9.7 pm, corresponding to the absorption peak due to P-O
stretching in the root dentin [11]. Selective removal of
cholesterol ester in carotid artery atheromatous plaques
with FEL emitting radiation at 5.75 ym wavelength was
applied to treat intimal slices of extirpated human ar-
terial atherosclerotic plaques [12]. It was demonstrated
that, differently from previous approaches involving con-
ventional lasers, FEL irradiation can remove cholesterol
ester selectively from human atheromatous CA plaques.

Cornea was treated with FEL tuned to 6 pm range.
Larger etch depths were found for larger spot sizes — an
effect that can lead to an apparent wavelength depen-
dence. Plume imaging at several wavelengths and spot
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sizes suggested that this effect is due to increased post-
-pulse ablation at larger spots [13]|. In a similar way, bas-
ing on evaluation and comparison of absorption spectra
of fat and water, free electron laser was applied to inves-
tigate the selective photothermolysis of lipid-rich tissue.
Exploiting the wavelengts between 1.21 pm and 1.72 pm,
where fat absorbs radiation more than water, there was
demonstrated a selective damage of fat without damage
to overlying epidermis and dermis (with additional cool-
ing during ablation) [14].

Investigations with a Mark-III free electron laser at
Vanderbildt University, tuned to 6.45 pum in wavelength
have demonstrated minimal collateral damage and high
ablation yield in ocular and neural tissues. The FEL en-
ergy at this wavelength delivered through a hollow waveg-
uide appears capable of efficiently and safely producing
an optic nerve sheath fenestration in monkeys. The au-
thors suggested the innovative surgical technique to be
considered for human use [15]. The experiments on brain
ablation in the rat cerebral cortex have confirmed that
wavelengths in the mid-IR could be selected for optimal
ablative properties [16].

Impact on cells outside the lethal zone during the ab-
lation of skin was also investigated in some experiments.
In a recent work, Wilmink et al. [17] applied the heat
shock protein (HSP) expression as a sensitive quantita-
tive marker of sublethal damage in a transgenic mouse
strain. The magnitude of hsp70 expression was found to
be dose-dependent and maximal 5 to 12 h after surgery.
The results of the experiment suggested that the 6.10 pm
wavelength is a superior wavelength for laser ablation
of skin.

A number of studies were devoted to investigate the ab-
lation and damage mechanisms. Water thermodynamics
is considered as the essential contributor to the overall
mechanisms of laser—tissue interaction [18, 19]. Free-
-electron laser irradiation can superheat tissue water,
driving thermal vapor bubbles confined by tissue matrix
and leading to tissue ablation. For example, highly fo-
cused laser pulses in the near infrared (IR), visible, or
near UV have been used to drive plasma formation and
cavitation dynamics in water, both in bulk [20] and as
confined by biological matrix [21]. Edwards and Hutson
[22] discussed mechanisms of tissue ablation at 6.45 pm.
Despite the fact that absorption band of the tissues at
this wavelength is not the strongest in the mid-infrared,
the FEL ablation is efficient while minimizing collateral
damage. This wavelength dependence was explained as
a competition between two dynamic processes — explo-
sive vaporization of saline and denaturation of structural
proteins. It was shown that the above model predicts for
each wavelength a region of parameter space (incident in-
tensity and pulse width) in which explosive vaporization
is preceded by substantial protein denaturation. This re-
gion is much larger for wavelengths where protein is the
dominant chromophore. At wavelengths for which this
condition is not fulfilled, collateral damage may be mini-
mized, but the maximum intensities and pulse widths in

these regions are insufficient to remove tissue at surgi-
cally relevant rates.

Recent work by Wagner et al. [23] confirmed
wavelength-dependent differences in the pressure dynam-
ics associated with tissue ablation by a mid-IR FEL. For
3.0 pm wavelength, the water bubble collapse was iden-
tified as a main process associated with tissue failure.
Contrary to this, for 6.45 pm irradiation, the failure was
induced primarily during bubble growth.

Although many diverse issues can significantly profit
of FEL beams, their direct use in surgery is limited due
to a large scale and specific demands of these devices
that cannot be easily adopted in clinical environment.
To try out the real clinical abilities of the new sources in
human medicine, an operating room was appended onto
an FEL environment at Vanderbilt Keck FEL Center,
instead of transplanting a whole FEL system into the
hospital setting. The machine, delivering radiation in
the mid-IR wavelength range, has been successfully used
in human nuerosurgery, oncological surgery and ophthal-
mology [24-26].

Some surgery-oriented studies have been carried out
also in the UV and deep-UV regions, using, e.g., OK-4/
Duke FEL based on storage ring with electron energies
up to 750 MeV that made it possible to reach wavelengths
as low as 217 nm [27]. It should be however stressed that
studies in the shorter range of wavelength are at their
beginning. Irradiation with shorter wavelength leads to
specific ablation mechanisms with a susbstantial increase
in ionization radiation damage. It is due to the fact that
quanta of higher energies are able to directly cut chemical
bonds, as well as the wavelength-dependent absorption
lengths differently affect the pulse energy deposition in a
tissue.

The biggest obstacle with implementing the conven-
tional optical lasers into neurosurgery was unforeseeable
effect on surrounding structures, e.g. deep brain areas or
cranial nerves. The other problem was the dependence
of the laser effect on degree of tissue vasculature. Thus,
in the regions of the brain with the denser (brain cortex)
and thinner (white matter) vasculature, the laser abla-
tion went differently. Finally, the effect of carbonisation
of the neural tissue made laser action difficult and time
wasting. The “ideal” laser as an instrument in neuro-
surgery needs to be a perfect, the most accurate, blood-
less knife, or selective only to pathological tissue (e.g.
tumor). Unfortunately, the most frequent brain tumors
infiltrate vast operative brain regions, so it is not possible
to remove the whole tumor in conventional manner. Free
electron lasers are expected to give here a substantial con-
tribution in detailed understanding the damage/ablation
mechanisms and their dependence on FEL beam param-
eters like wavelength, fluence, and pulse temporal struc-
ture. As a consequence, new optimized technques and
devices can be developed.
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3. Bioimaging with FEL sources

It is well known that the diffraction defines the prin-
cipal limit for image resolution in optical systems. It
is particularly inconvenient at longer wavelengths, when
for the investigation of biological specimens it is advanta-
geous to apply optical infrared microscopy with possibly
high, submicrometric lateral resolution. Imaging below
classical diffraction limit has been made possible with a
scanning near-field optical microscopy (SNOM). In this
technique a specimen is scanned with IR beam formed by
a fine aperture of subwavelength dimensions, placed in a
close proximity from the sample [28, 29]. The spatial res-
olution is given approximately by the aperture diameter.
To achieve a reasonable resolution, a tapered optical fiber
probe with aperture of 10-50 nm is scanned over surface,
without touching it, at a distance of a fraction of wave-
length. SNOM can be applied also in the spectroscopic
mode, mapping sample at A\ values where a spectroscopic
fingerprint occurs, in absorption, fluorescence or reflec-
tion, or even a combination of these quantities. Partic-
ularly, SNOM opens up the possibility to get chemical
information on a microscopic scale, from cells and their
internal structures. It can work in any environment with-
out almost any sample preparation.

The typical transmittance to the IR light of this type
of probe is of the order of 107>, This strong reduc-
tion in intensity due to the fiber aperture is the essential
obstacle impossible to avoid with classical tunable light
sources. IR FELs provide a way to substantially improve
the SNOM technique, boosting its capabilities not only in
a static imaging but also by providing the possibility to
perform dynamic characterization of ultrafast biological
processes.

A risk of damage is particularly restricting factor in
probing the biostructures and dynamics of life processes
at shorter wavelengths. This is the radiation damage
that imposes stringent constraints to irradiation proce-
dures and entails characteristic limitations on applica-
tion of traditional synchrotron sources to biomedical re-
search. Conventional imaging and diffraction methods
cannot achieve atomic resolution on non-repetitive bio-
logical structures. Damage that develops during the ex-
periment substantially affects results of most techniques,
from radiography to protein imaging and protein diffrac-
tion. Classical diffraction approach to structure deter-
mination with SR is loaded with impassable limits. To
perform structure analysis a sample of repeatable objects,
a crystal, is necessary. Unfortunately, about 40% of the
proteins cannot be crystallized with any of known meth-
ods; therefore conventional crystallography is not appli-
cable in this case. Moreover, even crystalline proteins
can modify conformation by packing and by unnatural
environment that can lead to misinterpretation. Among
these extremely difficult to crystallize and purify, are just
almost all membrane proteins (MP) that play a key rule
in drug transport inside the cells.

A Dbreakthrough in overcoming the restrictions has
come at extreme dose rates and ultrashort exposures with

advent of new short-wavelength free electron lasers [30].
The new technique is a variant of the coherent X-ray
diffraction imaging (CXDI) applicable to non-periodic
structures, from single molecules to cells and tissue
preparations, at a spatial resolution from subnanomet-
ric to micrometric scales, especially important in biolog-
ical studies [31, 32]. Coherent X-ray diffraction imaging
was firstly demonstrated by Miao in 1999 [33], who ex-
tended earlier experiments on image reconstruction from
diffraction pattern in visible light to X-ray region [34].
First CXDI result of Escherichia coli bacteria stained
with KMnQ,, obtained with radiation of A = 0.2 nm at
a resolution of 30 nm, has been reported in 2003 [35].
The theory predicts that with an ultrafast, intense
and coherent X-ray pulse a diffraction pattern can
be recorded from a single object (1-1000 nm), like a
molecule, a virus or a cell before the object is damaged
and converted into plasma (Neutze [30]). To accomplish
this, extremely intense sources are necessary that com-
bine the extreme photon flux in the ultrafast pulses, each
containing 10'? photons or more, excellent coherence,
spatial stability and repeatability. This new approach
is in fact a form of CXDI with radiation delivered in ex-
tremely intense ultrafast pulses. SASE FELs delivering
tunable, highly coherent monochromatic radiation in the
XUV to X-ray range of wavelengths are, at present, the
only sources suitable to the technique [36]. To achieve
the atomic resolution, a pulsed FEL source is necessary,
that operates at a wavelength of about 0.1 nm, with pulse
duration below 10 fs. The whole pulse energy should be
focused on the investigated specimen, that means, in case
of single protein diffraction, a need of focusing the beam
to 10-100 nm. Real image of the object is derived from
diffracted intensity distribution of the beam and with
phase retrieval algorithm. The 3D structure of a protein
can be determined in a multishot experiment with > 10°
shots, each interacting with a new molecule. A train of
the molecules is formed with an injector, precisely syn-
chronized with FEL pulses exactly in the beam focus.
After the XUV-FLASH, the prototype of SASE-FEL
facility constructed in HASYLAB (Hamburg) has passed
successfully examination and confirmed theoretical ex-
pectations, the next three devices working in the range
of hard X-rays have been designed. In the late 2009 LCLS
at SLAC, USA started its operation. Next two will be op-
erational soon: RIKEN XFEL at Harima, Japan (2010),
and finally the most advanced construction of the Euro-
pean XFEL at DESY, Germany (2013). The EU-XFEL
facility is constructed and will be exploited by interna-
tional consortium in which also Poland participates [37].

4. Conclusions

Free electron lasers are particularly beneficial at
biomedical tasks. The new sources span gap between
classical lasers and SR synchrotron sources, strongly en-
hancing probing of soft matter structure and dynamics
of life processes with very high spatial and temporal res-
olution. The new imaging techniques, possible only with
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short-wavelength variants of FEL, open up opportunity
to reproduce the soft tissue and proteins with unprece-
dented spatial resolution. Structural biology will be rev-
olutionized with a unique opportunity of a variant of the
CXDI applicable to non-periodic structures, from single
molecules to cells and tissue preparations, at a spatial
resolution from subnanometric to micrometric scales, es-
pecially important in biological studies.

FELs with the tunable, high-peak-power pulsed
beams, are capable to produce well-defined photoabla-
tive lesions that conform to small, irregularly shaped
surgical targets. Investigating with FELs of new med-
ical techniques for surgery and therapy can provide a
breakthrough in understanding the ablation mechanisms
and lead to new solutions in medical-related issues. The
easy FEL tunability will help in solving the problem of
tissue inhomogeneity during surgery, that often requires
instantaneous modification of source parameters to opti-
mize ablation.
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