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A survey of biophysical and biomedical applications of free-electron lageEss) is presented.

FELs are pulsed light sources, collectively operating from the microwave through the x-ray range.
This accelerator-based technology spans gaps in wavelength, pulse structure, and optical power left
by conventional sources. FELs are continuously tunable and can produce high-average and
high-peak power. Collectively, FEL pulses range from quasicontinuous to subpicosecond, in some
cases with complex superpulse structures. Any given FEL, however, has a more restricted set of
operational parameters. FELs with high-peak and high-average power are enabling biophysical and
biomedical investigations of infrared tissue ablation. A midinfrared FEL has been upgraded to meet
the standards of a medical laser and is serving as a surgical tool in ophthalmology and human
neurosurgery. The ultrashort pulses produced by infrared or ultraviolet FELs are useful for
biophysical investigations, both one-color time-resolved spectroscopy and when coupled with other
light sources, for two-color time-resolved spectroscopy. FELSs are being used to drive soft ionization
processes in mass spectrometry. Certain FELs have high repetition rates that are beneficial for some
biophysical and biomedical applications, but confound research for other applications. Infrared
FELs have been used as sources for inverse Compton scattering to produce a pulsed, tunable,
monochromatic x-ray source for medical imaging and structural biology. FEL research and FEL
applications research have allowed the specification of spin-off technologies. On the horizon is the
next generation of FELs, which is aimed at producing ultrashort, tunable x rays by self-amplified
spontaneous emission with potential applications in biology2@3 American Institute of Physics.

[DOI: 10.1063/1.1584078

I. INTRODUCTION unigue light source capabilities. As they have proved suc-
cessful, experimental techniques have migrated between the
A free-electron lase(FEL) is a free beam of relativistic physical, biological, and biomedical sciences. Here we will
electrons that passes through a periodic magnetic field thaéview research accomplishments in the biophysical and bio-
results in the stimulated emission of lighf\s such, these medical sciences as well as comment on future prospects.
accelerator-based devices convert the kinetic energy of thRaturally there have been numerous investigations of FEL
electrons into light. In contrast, the medium for conventionalapplications in the physical sciencésut they fall outside of
lasers is bound electrons and the accompanying atomic ntke scope of this review.
clei, which restrict laser performance in some ways. FELs FELs are versatile light sources that allow pioneering
can be quasicontinuous or have high-peak and in some casapplications research by tuning to wavelengths of choice
high-average optical power. They can produce long opticaWwith relative ease. Many FEL laboratories are centers of ex-
pulses, produce pulses with durations as short as subpicosexellence for interdisciplinary research where scientific phe-
onds, or have a complex superpulse structure. The determimomena have been discovered and characterized. This new
ing factors that establish the detailed characteristics of thenderstanding has allowed the specification of novel, dedi-
light emitted by a FEL include the electron beam energy anatated technology to exploit these phenomena to improve the
electron pulse structure as well as the magnetic field charactuman condition. The spin-off technology is less complex
teristics. FELs are continuously tunable and have successnd resource demanding than FELs, but indeed is a conse-
fully operated in the microwave, far infrared, midinfrared, quence of FEL development and FEL-applications research.
visible, ultraviolet and x-ray ranges. There are several excel-
lent reviews of FELS. Il. TISSUE ABLATION WITH THE MARK-IIl FEL
There are many FELs worldwide located in relatively ) ) ) )
large research facilities, each typically providing thousands ~ 1N€ argon ion, excimer, and GQasers are in routine
of hours of beam time. Leading centers for biomedical andnedica! usé. The visible argon ion laser has the advantage
biophysical FEL applications include the far-infrared facility tat it can be transmitted through the structures of the eye
at the University of California, Santa BarbatdCSB), mid- and focuse.d.to coagulat@emode) an'd thus treat .tlssue.
infrared facilities at Duke, Stanford, and Vanderbilt Univer- HOWeVer, visible lasers are not effective tools for tissue ab-
sities, The Jefferson Laboratory, FELIX in The Netherlands ation. i-€., removing a targeted volume of tissue such that
and laboratories in France and Japan, and ultraviolet facililhe surrounding tissue is biologically viable. In contrast, the

ties at Duke and the LURE laboratory in France. Progresé_'ltravmlet (UVv) ex<_:imer has the advantage that it can etch
continues in FEL physics, in particular, the pursuit of yl- tissue with essentially no collateral damage. Consequently,
trashort pulsed x-ray FELs the excimer is a very effective tool for reshaping the cornea

Multidisciplinary research teams have pioneered thd© correct its optical properties, i.e., laser vision correction.

early applications experiments, taking advantage of thél’ypically, the outer surface of the cornea, a cellular tissue, is
partially cut and lifted to expose the interior stroma, an acel-

lular tissue, which is laser etched. Concerns about the poten-

aAuthor to whom correspondence should be addressed; electronic maifial mUtageniC eﬁeCt§ of UItraVio!et radiation,. i.e., photo-
edwards@fel.duke.edu chemical effects mediated by excited electronic states, have
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largely prevented medical applications of the UV to cellular Cornea
tissues. The infrared spectrum is typified by vibrational tran-
sitions, with far less concern about photochemistry. The in-
frared CQ laser is used for surface treatments of some tissue
types, where the ablated volume is surrounded by a zone o
denatured and possibly charred tissue, useful for controlling
bleeding. In these applications the collateral damage is ac
ceptable since the overall tissue remains biologically viable.
However, there are many potential medical applications
where such a zone of collateral damage is unacceptable
Consequently, there has been great interest in the biomedic:

1500 1600 1700 18

community to explore the ablative properties of infrared &% 2000 3000 oo
lasers to see if they can mimic the clean cutting of the
excimer.
The Mark-Ill FEL is a tunable, infrared source in the .
2—10 um range with high-peak and high-average pofver. Neural tissue

The Mark-11l produces a superpulse: the “micropulse” is

about a picosecond in duration and contains tens of micro-
joules; the “macropulse” is a train of tens of thousands of
picosecond pulses with a duration of about 5 ms and deliver:
tens of millijoules; the repetition rate of the macropulse is up
to 30 Hz.

1300 1600 1700 1800

A. Infrared wavelengths and thermodynamics

Absorbance

Tissue typically is about 75% water, which is strongly
absorbed in the infrared. So strongly absorbed that transmis -
sion infrared spectroscopy is not a viable option for investi- 1% 3600 3900 +c00
gating tissue in its native state of hydration. However, attenu-
ated total reflectanc€ATR) is a near-field or evanescent .
wave technique ideal for strongly absorbing samples. The _leﬁ_@

ATR sampling technique is particularly powerful when
coupled with Fourier transform infrare(FTIR) spectros-
copy. In practice, the hydrated tissue is placed on the surfaci
of an infrared material with a relatively high refractive index.
Broadband infrared light propagates in the material such tha 1500 1600 1700 1800
it reflects from the material/tissue interface under the condi-
tion of total internal reflection, i.e., the tissue is only exposed
to the evanescent wave. Consequently, the highly absorbin
sample is optically sampled in the near field and we gain all
of the advantages of FTIR spectroscdpy.

Figure 1 presents a midinfrared spectrum of cornea, neu
ral tissue, and dermis. To first order, the midinfrared mea-
sures the localized vibrational modes of tissue components Frequency (cm'1)

Thus these spectra are similar because the midinfrared is not
particularly sensitive to higher structural organization. Con-FIG. 1. ATR-FTIR spectra of comea, neural tissue, and dermis in nearly
tive states of hydration. The dominant feature is the OH-stretch mode of

sequently, the results summarized below can be generahz%v@ter near 3300 ¢ (3 um). The partially resolved spectral band near

to many tissues. These spectra serve as guides for selectifigsg cni® is deconvolved in the inset. Three modes are found to contribute:
FEL wavelengths for investigating tissue ablation as well ashe amide | vibrational mode of protein at 1665 ¢n(6.0 um), the OH
providing a biophysical foundation for interpreting the re- bending mode of water at 1640 ¢ and amide |l vibrational mode of
sults. protein at 15506.45 um).

A series of experimental investigations have demon-
strated that targeting a midinfrared Mark-IIl FEL to wave- ) o
lengths near 6.4%m results in tissue ablation at a substan-&t 6-1um as well as the amide-Il vibrational mode centered

tial ablation rate with minimal and at times undetectable@t 6.45um, both relatively broad spectral features. Thermo-
collateral damage. The seminal study reported investigationdynamic reasoning suggested that the reduction in collateral
of FEL ablation in ocular, neural, and dermal tissues andlamage is due to differential absorption; more specifically,
proposed a thermodynamic model to account for these exissue integrity is compromised due to laser heating of the
perimental observatiofsWavelengths near 6.46m couple  nonaqueous components of tissue prior to explosive vapor-
into the spectral wing of the bending mode of water centeredzation due to laser heating of the aqueous components.

—

1000 2000 3000 4000
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1/39 s ing 1 mJ, enabling pulse duration and wavelength dependent
l measurements of the FEL-induced stress transients and abla-
tion plumest® The back surface of a gelatin sample readily
adheres to the surface of a/8n thick PVDF piezoelectric
film that measures stress transients induced by FEL irradia-
tion. The stress transients were measured with 500 MHz
bandwidth electronics. For fluences below the ablation
threshold, the superposition of asymmetric thermoelastic
waves is detected. A continuous HeNe beam that is parallel
to and 10um above the front surface of the gelatin is fo-
cused on a silicon photodiode with a 25 ns response time to
monitor the ablation plume. For fluences above the ablation

e el threshold, the superposition of an asymmetric thermoelastic
=T R N wave with momentum recoil is detected. Furthermore, the
T \‘~~\\ wavelength dependence of the duration of the ablation plume
’ =1ps ~\_ ) indicates that 6.4%m radiation compromises the mechani-
7\ cal properties of the gelatin, as do measurements of the par-

ticle size distribution in the ablated materfal.
FIQ. 2. Superpulse structure frqm a Mark-1ll FEL. From tqp to bottom, a Dynamic |ight scattering has been used to monitor FEL-
train of three macropulses, a single macropulse, three micropulses, and.a . . .
single micropulse. induced denaturation of cartilage and corfiedhe tissue
samples are about 1 mm thick and initially in a state of
These observations laid the groundwork to pursue humaHearly native hydration. Light of 600~700 nm Passes through
surgery with a Mark-1ll FEL. a sample from the back surface, such that the Ilght is focused
Experiments that investigate the ablation of bone withen the frpnt surface._ Nearly forward scattered light is col-
the Mark-1ll FEL demonstrate that the 6.1—6 4F range is lected with a photodiode array, Whe_re the capture rate_ was
efficient in cutting cortical bon&.There is relatively litte ~1—4 Hz, while the front surface is radiated by the FEL. Nine-
collateral damage and the healing response proceeds atl@en wavelengths between 2.2 and Aré were investigated
faster rate during the first two to four weeks Compared tdO determine the threshold energy and kinetic coefficients for
cutting with a bone saw. The investigators concluded thaflenaturation. The signature for structural alteration is an in-
infrared ablation in bone is due to explosive vaporization anc:rease in the distribution of visible light scattering. The mini-
that ablation is enhanced by targeting the protein matrix ofnum threshold was observed at 6.4m. For most FEL
cortical bone via the overlapping amide | and amide IIwavelengths, there is an inverse correlation between the de-
modes in the unresolved spectral band in the 6.1-@A5  naturation threshold and the absorption coefficient. However,
range. Experiments that investigate the ablation of dentaor wavelengths near 3 andgm, the denaturation threshold
hard substances between 5 anduif, including phosphate does not obey this inverse correlation and instead is gov-
bands at 9.5um associated with hydroxyapatite, exhibit erned by heating kinetics.
wavelength dependent surface modifications ranging from  Experimental attempts to ablate tissue with a kHz repeti-
partial vitrification to surface roughenif§Additional inves-  tign rate, picosecond optical parametric amplifi@PA),
tigations of Mark-Ill FEL ablation of other soft tissues and yhere peak intensities and total energy delivered were com-
materials have been reportéd. parable to those typically used in Mark-Ill FEL tissue abla-
tion, were unsuccessftff. Consequently, a detailed theoreti-
B. Pulse structure and dynamics cal investigation of the role of nanosecond dynamics of
thermal diffusion in infrared tissue ablation was carried

While the thermodynamic model accounts for the wave- ut” It was found that the temperatures of the surface layers
length dependence of infrared tissue ablation, it lacks detail@'" P Y

of the dynamics. The time constants of the Mark-II super-Of tissue water reached many hundreds of degrees in several
pulse(Fig. 2 are. 1 ps, 350 ps, 2—Fs, and tens of ms and nanoseconds: at this rate the outer saline layers become su-

correspond to the micropulse duration, micropulse separep__erheated and lead to explosive vaporization. Dunpg this
tion, macropulse duration, and macropulse repetition ratdime, the temperature of the surface layers of protein may
respectively. In principle, these time constants correspond tither exceed or trail the water temperatures by tens to hun-
multiple dynamic processes that need to be sorted out expeff'éds of degrees, depending upon the wavelength-dependent
mentally. differential absorption of water and protein. At 6.45 the

A full macropulse that delivers tens of millijoules drives Protein temperatures uniformly exceed the water tempera-
multiple dynamic processes. In an effort to reduce the numtures and a Arrhenius treatment of protein dynamics indi-
ber of processes, a broadband infrared Pockel’'s cell was dé€ates that ductile, native protein begins to convert into brittle,
veloped based on a CdTe crystdlThe Pockel's cell denatured protein. Apparently the brittle fracture at the onset
switches out a train of micropulses as short as 60 ns, delivef explosive vaporization leads to the confinement of collat-
ering hundreds of microjoules, and as long as 2 ms, delivereral damage.
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C. Future prospects (3) nonroutine maintenance that requires the FEL to be shut
down for more tha 1 h or so, buthat can be scheduled
at the beginning of the next running day;

repair of minor, immediate failures that may require min-
utes to an hour;

repair of medium size failures that may require a few
hours to a day;

repair of major failures that requires many days to

A key to the dynamics governing infrared tissue ablation
is the differential heating rates for protein and saline. The
dynamics are not established by the superpulse structure pgp
se. Instead, the heating rates must be rapid enough to driv%
the separation in temperature between protein and water Ia)(/—)
ers to achieve both protein denaturation and the superheatizg
of water. This observation leads to reconsideration of the rol ) )
of the Mark-Ill FEL superpulse structure in tissue ablation. Wei?ks’ ing faul h K hich |
In particular, theoretical calculations indicate that pulse du-(7) self-correcting jau ts such as ystr(_)n arcs which inter-
ration of tens of nanoseconds with the same average energy rupt the operation for seconds or minutes.
as the superpulse should achieve similar ablative results.
Little is known about the polymer dynamics that lead to
brittle fracture. In particular, what is the wavelength depen
dence for achieving mechanical confinement in addition t
thermal confinement on such short length and time scales?

Obviously the impact on surgeons using the FEL de-
pends on the category of failure. Interruptions of a few min-
“utes have negligible impact for a surgeon perfognin3 h

rocedure, whereas catastrophic failure would disrupt patient
bre. Predictability is essential for human surgery. Predicting

seems evident that linear and nonlinear pressure waves maye, performance one day into the future based on current

play a role in the onset of nonthermal collateral damage. 1o avior and accumulated diagnostics was one of the main
addition, it has been proposed that the Mark-Ill FEL, for oals of the reliability upgrades

fluences below the ablative threshold, can operate as a stress The reliability plan included(1) stocking spare parts,

wave gengratdﬁ‘ Since the pressure waves allter .membraneespecially klystrons(2) upgrading the control system for
perme_a@hty, there may be drug delivery app_hcatlons. both better robustness and for more and better diagnostics,
_ Within the macropulse, the Mark-1il FEL is a GHz rep- (3) following sound engineering practices in the high-
etition rate picosecond laser with high-peak and h'gh'voltage pulsed-power systems
average power’ This is the consequence of the pulse power ' '
system, including the long-pulsgband klystron, the modu-
lator, and the pulse-forming netwofR. FELs are light
sources with unique capabilities that are typically complex  The klystron is a long pulse, 30 M\&-band microwave
and expensive. Relaxing the constraint from a GHz repetitio@Mmplifier manufactured by Triton ETD. One such klystron
rate, tunable infrared laser to a single wavelength, lower rephad provided eight years of operation, but was beginning to
etition rate, infrared laser with a pulse duration of tens ofshow poor high-power performance. Klystrons have rela-
nanoseconds is technologically much more forgiving. Thigtively high infant mortality and require several weeks to
analysis suggests the feasibility of a nonaccelerator-baseg@mmission. Consequently at least one fully conditioned
medical laser, with a pulse duration of 10 ns, operating neagpare is now kept on hand. The modulator includes a 40 kV,

B. Subsystem upgrades

6.45 um. 6 A dc power supply that charges up a bank of capacitors
[pulse-forming networkPFN)] and switches the PFN across
IIl. MARK-IIl FEL AS A SURGICAL LASER a transformer that drives an electron beam through the kly-

stron. The environment of the modulator is quite inhospi-

The Vanderbilt Mark-Ill FEL first lased in 1991 and ini- ble: there are high voltages with the resulting corona and

tially served as a research tool for five years. The advent o zone effects and the high voltage is switched quickly with a
human medical applications necessitated upgrading thﬁ

. . igh-power thyratron, resulting in large electromagnetic in-
Mark-111 to meet the operational standards of a medical Iaserterference throughout its cabinet and in adjacent equipment.

which are quite different from the standards of a research The most important upgrades to the modulator were
Eseli' I:InFllgsL%t a;hmajct)rteffor; commde_nclefl to ufpgrade th'?)ower regulation using Sola ferromagnetic resonant power

ark- 0 0 the status of a medical faser for human ., ngjtioners. Previously both the thyratron and the Kklystron
surgery. filament power would vary during the day and need constant
A. Failure analysis adjusting to maintain performance. For the thyratron, a

nicely isolated, discrete box was custom built by Northstar

The types of failures for the FEL and its subsystems rur‘hesearch, rebuilt by FEL Center personnel, and used to drive

the gamut from those that self-correct, like an arc in theaII the connections of the thyratron including the trigger
klystron tube, to those that are nearly catastrophic and maé y 9 99

require days to weeks to repair, e.g., vacuum leaks or th ulse. The upgraded power regulation dramatically improved

. ) : e operation of the modulator.
failure of high voltage components in the pulsed power sub- P . .
. . : oo Other modifications can be characterized as sound engi-
system. The failures fall into the following categories:

neering practices. Air cooling was increased to the cabinet
(1) major, planned shutdowns scheduled typically more tharthat houses all the modulator components. The circulation,
one month in advance and extending over more than aooling, and filtering of the insulating oil was improved. This

few days; oil blackens over time, presumably due to corona and infre-
(2) routine maintenance, scheduled typically at least a weeluent arcing: filtering the oil keeps it clean and a full oil
in advance and extending over a few hours; change is done annually.
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Another key step towards reaching the desired operaroom, and 14 mirrors between the cavity and the operating
tional standards was addressing the technical limitationsoom. With so many mirrors even a few percent of scattering
present throughout the building. For example, air conditiondoss per mirror results in large loss of power from the laser.
ing the room that contains the modulator as well as othefhe beam transport system degrades slowly over time both
power supplies and electronics also turned out to be prolfrom exposure to the FEL and from exposure to air or olil
lematic. A system typically used as a computer room aiffrom the vacuum pumps. Mirrors are checked several times a
conditioning system was installed. The system is highly reyear to determine if the losses at any given wavelength have
dundant, which has proved invaluable when one of its comincreased. It is of interest that one mirror typically has been
ponents requires service. In addition, a special chilled watefound to be the cause of the problem.
system for cooling the linear accelerat@inac) was in- There were several important lessons learned during op-
stalled. It was designed and built by Innoventor Engineeringeration and maintenance of the Mark-lll FEL. One is that
Inc. and replaced an aging passive system that was unable ttanning the FEL 2 h a week nearly every week, allowing
maintain the linac temperature especially during the summesome time Monday morning for routine maintenance and
months. The design specifications met by the cooling systeratartup, is beneficial for two reasons. First, an operator or
were that the linac would be maintained 0.05 F while  engineer likely will be monitoring the control system when
running the modulator and all the other systems on the coolproblems develop, making identification of the problem
ing loop in steady state. It also keeps the temperature stead@@asier and quicker. Second, there is a lot of time to investi-
at =0.15 F during interruption of the modulator for as long gate, at least via the computer diagnostics, intermittent prob-
as 2 min. It has a variable temperature setpoint of 75-105 fems and plan shutdowns for more invasive diagnostics at
It also can expel up to 80 kW of heat, although at our preserfimes that are least disruptive.
operating maximum of 30 as opposed to 60 Hz it rarely
expels more than 30 kW of heat. The system performs a€. Results

designed and has led directly to better spectral stability and These upgrades substantially improved the operation of

pow‘?r::tgrli);]l:;ya:nc:)ﬁr;i;stem was based on two eight yeaFhe Mark-I1 F.EL in general, and. k_)enefited both _the r_nedical
old 8086-compatible STD-Bus PCs used to perform real—and nonmedical user commun|t|es. The pred!ctgb|l|ty ex-
time data acquisition and control. EMIs from the nearbyceeded 95% and serious failures have been limited to two
- : weeks per year. As a consequence, this Mark-Ill FEL readily
quulator periodically rebqoted these- computers dge t%atisﬁes the requirements for investigational human surgery.
noise on the backplane, attributed to aging connectors in th urthermore, the spectral and power stability of the Mark-111

computers and to increased EMI from the modulator. Thes? : ;
. : ~Is greatly improved, as well as the ease of scanning the full
two 8086 computers were replaced with a dedicated Macin- 9 y Imp 9

tosh PowerPC connected over a general purpose interfaégnge of infrared wavelengths.
bus (GPIB) network to several devices, one of which is an
HP VXI-bus data conditioning and acquisition system. Thig!V- MEDICAL BEAM DELIVERY
directly improved operations and increased the amount anﬁOR THE MARK-III FEL
quality of the diagnostic information from the FEL sub- Establishing a stable, reliable, user-friendly delivery sys-
systems. The program on the Macintosh was written and igem at the W. M. Keck FEL Center at Vanderbilt University
maintained by center personnel and is the first, fastest softhat transports the infrared beam from the FEL to the surgical
ware safety check of the subsystems. This Macintosh is netuite approximately 90 m away is a challenging task. Stan-
worked to another Macintosh runnimngsvieEw, which is the  dards established for medical laser technology need to be
operator interface to the control system. achieved to satisfy the strict requirements necessary for hu-
The optics of the laser cavity and the laser beam transman surgery. Operating in the wavelength range beyond 2.5
port system were upgraded. The output mirror of the cavityum requires unconventional beam delivery techniques due to
is a dielectric coated ZnSe mirror. There are five sets fothe broad tunability of the FEL, the strong atmospheric ab-
different wavelength bands: 2-3, 2.8—-4.2, 4-6, and 6—%orption, high peak intensity of the micropulses, and long
pm, as well as a special mirror with 15% transmission in twodistance between the laser source and operating field. Align-
bands, at 2.8—-3.2 and 5.8—6un. A three-mirror and later ment, pointing stability, reproducibility, and safety concerns
four-mirror carrousel replaced a single mirror mount in theof the beam transport system are addressed in the design.
laser cavity. Before the upgrade, mirrors were only change(l
once or twice a week because of the interruption to FEL -
operation and because of the radiation hazard in accessing The laser cavity, electron accelerator, and power supply
the laser cavity midweek. With the four-mirror carrousel theof the Mark-111 FEL are located in the basement of the four-
full wavelength range can be scanned with only modest infloor building?® The fourth floor houses a fully equipped
terruption to lasing while the new mirror is put into position surgical facility, which includes two operating roortGR9
and aligned. (OR1 and OR} patient preparation rooms, and a recovery
It is necessary to keep the infrared beam transport sysvard. Due to atmospheric absorption, the beam transport
tem at rough vacuum pressures because several bands in thestem is evacuated and terminates in the OR. The beam is
FEL wavelength range are highly attenuated in air. There areither matched to the entrance aperture of an articulated mir-
7 mirrors between the laser cavity and the laser diagnosticsr arm using a two-lens telescope or it is refocused using a

Beam alignment
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Optical Table Beam Transport Entrance from downstairs (Turning Chamber) Clara, CA) under remote Contr(ﬂa 8732 picomotor multi-

= axis driver, New Focus, Santa Clara, CARart of the laser
beam (10%) is split off using a CafFbeamsplitter(ISP,
Tarrytown, NY) and directed through a Calindow out of

the transport system and onto the optical table in the LCR
Room and is used for diagnostic and alignment purposes. The out-
. ot —A_ _I_BORZ put from two pyroelectric quadrant detectofBQD-220,

O= Ceiling Mounted [ Molectron Detector, Inc., Portland, Qi analyzed and used
Mirror; Tarie elicter as feedback signals for the automated alignment system.
FIG. 3. Partial floor plan showing the beam path from the laser contingency Figure 4 shows a simplified schematic of the system that
room (LCR) to the operating roomgOR1 and OR2 delivers the FEL beam to any one of the four ports in the two

ORs. The FEL beam enters the fourth floor on the left side.

single lens into a hollow waveguide based, handheld deliver10 and M1 are the main alignment mirrors used to guide the
probe. Figure 3 shows part of the surgical floor plan with theFEL beam to the ports near the waDR1W and OR2W/
laser contingency roonfLCR) and the two ORs. The laser Mirror M1 can be moved out of the beam path by means of
parametergspectrum, energy, repetition rate, and macro- and vacuum feed-through levévDC Vacuum Products Corp.,
micropulse durationsare monitored on an optical table in Hayward, CA, so that the FEL beam can pass to mirror M2.
the LCR where the beam path can be switched to either ORMirrors MO and M2 reflect and align the beam to the ports
Each OR has two ceiling mounted beam pd@R1C, near the center of the OROR1C and OR2L Each of the
OR1W, OR2C, and OR2W Beam transport from the LCR ceiling mounted mirror tanks in the LCR contains two mir-
to the ORs is achieved by directing the beam upward in théors that direct the beam either to OR1 or OR2. The mirrors
LCR onto a mirror at 45°, then horizontalfgbove the ceil- (OR1W, OR2W, OR1C, and OR2@re drawn elliptically in
ing) to the OR. In the ceiling mounted mirror tanks, a 45° Fig. 4 to represent the fact that the beam is reflected perpen-
angled mirror reflects the beam downward into the OR to dlicular to the plane of the page toward the ORs. A photo-
reference point marked by a crosshair. The crosshair in thgraph of this system in the LCR is shown in Fig. 5.
center of the optical beam path is monitored with a camera The alignment procedure coaligns the infrared beam of
(mounted in the ceiling mirror tankand displayed in the the FEL with the visible beam of a HeNe laser, which is
LCR. These crosshairs are the reference points for mountinigitially aligned to the beam ports in the ORBig. 4). In
the articulated mirror arm or launching into a waveguide orbrief, the alignment procedure consists (& aligning the
possibly a fiber device. The maximum energy per macroHeNe beam to the crosshair in the OR) aligning the two
pulse delivered to the beam ports is about 70 mJ and dependsiad cells, QD1 and QD2ZPQD-220, Molectron Detector
on the gain curve of the Mark-1ll FEL. Consequently, the Inc., Portland, Oregon to the split off part of the aiming
average output power is up to 2 W. Mirrors with a diameterbeam such that the centroid of the HeNe beam hits the quad
of 76 mm (3 in.) (protected silver coated Si, II-VI, Inc., cell in the center; and3) using mirrors MO and M1 to align
Saxonburg, PAare mounted in the turning chambers of thethe FEL beam to the center of the quad cé&li& computer
beam transport system and are equipped with motorized adode was written inABvIEW (National Instruments, Austin,
justment screw$8301-MRA picomotors, New Focus, Santa TX) that uses the signals of the quadrant detectors as feed-

@

Laser
Contingency

@» = Mirror |le = |
(‘ = Mirror I 2 Meter |
? = Beam ORIW| a» @ |OR1C
spliter  OR2w| @® \ / @» |orec
H = Window H Ceiling Mounted
Mirror Tank

HeNe

Optical Table

* Beam Entrance from downstairs

FIG. 4. Schematic of the beam switching and alignment system on the optical table in the laser contingency room.
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To Center

Mounted Outlets To Center

Mounted Outlets

FIG. 5. Photograph of the laser contingency room showing the optical table
with the capability for the beam switching and alignment. QD1 and QD2 are
the quadrant detectors outside the evacuated beam transport system.

back to align the mirrorsMO and M), thereby controlling

the picomotors on the mirror mounts as actuators. The algo-
rithm aligns the FEL beam with MO to the center of QD1 and
that with M1 to the center of QD2 in an iterative loop. After
the infrared FEL beam is aligned to the center of the beam
port, beam splitter BS1 can be moved out of the beam path to
maximize the power of the FEL to the OR. This is done by
means of a vacuum feed-through lever. Considering the sen- _ _ _
stvy of the quadrant detectors, paralleism of the windows! - & Pheediaph f he o bean pots 1 OR2. The arcuted it
and the beam splitters, accuracy of the mirror mounts and thgave guide is mounted on the right.

piezoelectric screws, and proportional feedback control of

the computer code, the current setup can coalign the HeNgeam stability in the OR over the course of 1 h, at a time
beam and the infrared beam within a divergence of about O-Eypical for a surgical procedure. The resolution for angular

mrad, that is, the center of the beams can be displaced up it of the beam was 0.06 mrad. i.e.. the beam drift was
2 mm over the 20 m path length between the LCR and fur— 5o of the beam diameter while the temporal energy out-

thest OR port. _ _ , but varied~5%. However, if the FEL needs to be retuned
In the ceiling mounted mirror tanks in the OR, & 45% qring a procedure, the infrared beam typically becomes
angled mirror reflects the IR beam down into the OR Wheremisaligned and the transmission of energy can be unaccept-

it transmits through a 10 cm diam, 1 cm thick Bakindow 5y reduced. In this case, realignment with the current sys-
that serves as the final window in the evacuated transpoftm can be accomplished within 5 min.

system. The beam ports in each of the ORs are equipped with
pr_ecision_optic mount; to adjust_the wavegujde_or fiber_ CoUp Surgical delivery device
pling device or the articulated mirror arm to its final optimal
position. Figure 6 shows the delivery handheld probe and the The final stage of the beam delivery system needs to be
articulated mirror arm connected to the ceiling mounted mir-<a flexible, maneuverable device that terminates in a handheld
ror tanks in the ORs, and gives a good overall impression oprobe amenable to the surgeon to use as a precision surgical
the actual design. The optomechanical mounts and a photd3strument. The key specifications for this device are flex-
diode connected to a pulse counting unit are inside the whitdility, maneuverability, ruggedness, and ability to be steril-
enclosure hanging from the ceiling. This enclosure is purgedzed. In addition, depending on the clinical application, as
with nitrogen in order to avoid atmospheric losses. An addi-much as 30 mJ per macropulse needs to be delivered while
tional nitrogen port is provided as a purge line for the surgi-focusing onto a spot size of 3Qdm diameter. Due to wave-
cal beam delivery device. The surgeon controls a shutter itength range and peak irradiance constraints, fiber optic de-
the beam path by a foot switdpeda). This shutter defaults livery is at the present time not feasifeWe have imple-
to its closed position. mented two alternative strategies for surgical beam delivery.
First, a modified articulated arm was outfitted with infrared
mirrors and terminated with a focusing lens=125 mm).
This proven technology gives six degrees of freedom, has
We investigated the stability of the delivery system overrelatively low losses, and is robust. We have delivered as
the 90 m path length; in particular, we were concerned abounuch as 50 mJ/macropulse to tissue in a 300 spot size
variations in temperature in the building. We measured thevith this articulated arm. The major disadvantage is the mass

B. Beam stability
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(even though it is counterweightednd relatively large size. multiaxis driver, New Focus, Santa Clara, CAs are all the
Nevertheless, this was the delivery system of choice for neueontrols for the picomotor-driven mirrors. Since the FEL
rosurgery. As an alternative, delivery systems based on hobeam is linearly polarized, rotating the polarizer reduces the
low waveguidestHWGS) have been developéd.The nu- power delivered to the targefpolarization extinction is
merical aperture(NA) equivalent of the waveguide was 1:3000Q. The position of the polarizer was chosen such that it
measured to be 0.06 at=6.4 um (which corresponds to an can be used regardless of the surgical output port that is
acceptance angle of 3.42524-26 The final design of the selected and is in front of the final alignment in the LCR.
prob&??*has a sealed tip, contains a Gaficrolens to fo-  Rotation of the polarizer results in negligible misalignment
cus the beam to a spot size 8200 um, and has a working of 0.01 mrad.

distance(focal length of approximately 3 mm. The limita-

tions of the HWG-based delivery device are significantE Results

losses &50%), variable losses depending on bending of the _ ) ) .

waveguide, and the potential of damage to the interior wal| 1€ design and implementation of the medical beam de-

of the waveguide. Nevertheless, this device has been used €'Y System for the Keck FEL Center met the safety and

ophthalmic applications where delivery of only 3 mJ perpen‘ormance standards required for human surgery. However,

macropulse was sufficient. Investigations of stretching of thdurther improvements of the resolution and reproducibility of
micropulse duration due to transmission through a HWG ard€ alignment system will be necessary for clinical use on a
described elsewhef@:?* regular basis.

V. NEUROSURGICAL APPLICATIONS
OF THE MARK-III FEL

The total energy loss in the beam delivery system is the i i o i
sum of the losses of the optical elements and in addition the Previous mves_’ugatlons Of_ neural tissues demonstrated
absorption in the atmosphere for certain infrared wavell® Preferred ablation propertlesgof the Mark-lll FEL when
Hgned to wavelengths near 6.4/.° Survival studies of FEL

incisions of canine brain tisstfeas well as of survival rat

pling mirror of the Mark-11l FEL and the Laser Control room X , X
(located on the second flgorFour more mirrors direct the and isolated rat braifishowed a marked reduction of collat-
eral thermal injury using FEL wavelengths near 6:48. In

beam onto the optical table in the fourth floor LCR. Thus, S : ;
the case of brain tissue, the damage to adjacent tissue, or

MO is the 11th mirror in the beam transport system. From | Lth lini 4 by histol )
there three more mirrors are used to direct the beam to any gP'lateral thermal Injury, measured by histology was approxi-

the OR output ports. While single elements have low losseately one cell width deep to the laser incision and typically

(typically 98%—99% reflectance, 92% transmission in a lend/"detectable on the sides of the incision. Because of the
or window), the cumulative loss totals 30%—35% from the Promise shown by this series of studies, a protocol was iden-

control room to the point of launching into the delivery de- tified for human surgery which met with the approval of both

vice (hollow waveguide or articulated ajnThe optical ele- € dFDk;A\'IS' Investlgatlpnall Device Exerdr;:\i)no(iDE) and
ments that contribute to this loss are seven mirrors, one Bar/2nderbilt's Investigational Review BoartRB).

window (the output window and the seal of the vacuum sys- The protocol called specifically for the partial FEL exci-
tem), and one lens f(=300 mm, in the case of the wave- sion of an extra-axial brain tuméf.In other words, a small

guide or two lenses {=2300 and 75 mm, in the case of the external portion of a tumor would be laser excised, and then

beam reducing telescope needed to couple to the articulatéBe rest of the tumor would be removed using traditional

arm). In addition, the delivery device itself causes significanteth0ds. Patients with aextra-axial tumor, or tumor that
losses. Coupling losses for the hollow waveguide are 3004,0riginated inside the skull but outside the brain, were chosen
40% and attenuation is 1dB/m, for a typical net loss ofPecause no normal brain tissue would have to be traversed to

greater than 50%. In contrast, losses in the articulated arfi@Ve access to the tumor. In this way, the number of possible
due to the seven mirrors and the final focusing lens totapoUrces of brain injury for the procedure is reduced and thus
approximately 20% Interpretation of any poor neurologic outcomes postopera-

tively is greatly simplified. Extra-axial tumors, such as a spe-
cific type called meningiomas, also are characteristically
nearly always benign. Therefore, long term survival of the

The macropulse energy of the Mark-1ll FEL is wave- patient is much more likely, should long term side effects
length dependent, with a maximum at approximatelgré ~ become an issue. Finally, such tumors can usually be re-
that falls off at wavelengths below 2.5 or above g&5.5%°  moveden blog or intact, so that the tissue adjacent to the
The output near Gum often exceeds the requirement for ablative volume will likely be spared from being lost in the
human surgery, necessitating the capability for beam attenuemoval of the remaining tumor mass and can thus be stud-
ation. A double Brewster plate polarizer made of ZnSeied histologically without having to fit pieces of a tumor
(PAZ30mm-AC, 1I-VI Inc., Saxonburg, PAis installed in-  puzzle together. While these tumors in general are ultimately
side the vacuum beam line, upstream of the first mikd®)  not good candidates for laser resection because of their typi-
in the LCR. This polarizer is mounted to a motorized rota-cal ease of resection with traditional nonlaser based methods,
tional picomotor stag€8401, New Focus, Santa Clara, LA they proved to have many qualities that are desirable for an
and interfaced to a multistage controlléne 8732 picomotor initial study.

D. Loss analysis

E. Power stability
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FIG. 8. Position of the patient prior to incision. The arrow shows location of
FIG. 7. Preoperative MRI scafaxial T1 weighting with gadolinium con- the tumor(circled “T” ) based on data from the neuronavigational system.
tras). The arrow points to the tumor and its compression of the right tem-

poral lobe. temple to expose the skull over the tumor, rather than the

typically large skin flap one uses just to ensure that the tumor

A. Human neurosurgery is within the exposed area. A 5 cm bone flap was raised,
The first patient had a suspected meningioma of at least*P25N9 the underlying dura, which lines the_lns!de of the

P P g skull. The tumor, attached to the deep, or brain side, of the

3 cm in size, as shown in Fig. 7, and was neurologically iiv located using th d of th .
stable prior to the procedure. The patient was operated on b ra, was easily locatéd using the wand of the neuronaviga-
onal system. A 1 cm cuff of dura was cut around the border

an experienced neurosurgical team in Vanderbilt's Keck FEL

Center. While this was the first human operation in this fa-mc the tumor and then folded back to expose the tumor. The

cility utilizing the Mark-IIl FEL, the facility had been per- Surrounding normal brain was protected from any possible

forming both conventional laser and nonlaser human Surge&tra)(/):?cseersir:geirc?aillISyeT;LI)Zt:geit?g&O:gg(?.rr?;cropulses of

rimarily orthopedic procedurgsn a daily basis for several e . .
(p y P P P y .45 um radiation averaging 32 mJ/macropulse were deliv-

months prior to this operation. There are extraordinary need dth h tculated to th N ¢ f th
for a neurosurgical operation of this complexity. It became®'® rougn an articlrated arm 1o the outer surtace ol the
or. The articulated arm terminates in a hand piece, where

clear early on in the design of these operating rooms that'™ _ : .
great care was required to minimize the likelihood of forget-2 Calg'uthm ﬂlliglld(la) lens ;N'th a foctzal _Iengt? of 12.5 CHA fo-
ting a seemingly insignificant device, medicine, supply, orﬁu?e € " t%am 0 a spod ?ze % th pm. B
part. Thus a track record was established of successful, rogls 1UM—neon prot beam was used to guide the excision. by

tine cases using these operating rooms prior to the first Fepracticing one final time with some sten!g paper on a s!de
case. table, the surgeon was able to then position the hand piece

The patient was brought to a holding area from the rnainwith the visible pilot beam to keep the focus on the tumor

hospital, where anesthesiologists prepared the patient f(w:faiea (E)ontrolll;lg If ﬁL'&ea;F (tllellveryt_ W'tht Et‘ IOISé'EEdaI'
general anesthesia. The patient was prepped and brought irffytuated beam biock. In the Nirst operation, tota €xpo-
one of the two operating rooms fitted for use of the FEL sure administered in multiple passes took about 50 s, ablat-
Once under anesthesia, the patient was positioned in a supiH?eq fappro?(l?]at(ily a Cu?'ﬁ cenum_et(;ar d';’?rt] fr;)m the outer
position with a shoulder roll under her right shoulder, thysSurtace of the tumor. -The remainder of the tumor was re-

) . " . ecteden bloc(Fig. 10.
?'I:I%wgg her head to be easily positioned nearly horlzontallys Once removed, the tumor was divided and a portion of

A standard neurosurgical approach was used in the rightpe tumor that did not include the defect was sent for neuro-

temporal area, guided by a Pickar® neuronavigational sys-
tem which utilized a computer topographi€T) scan that
showed contrast obtained the day prior to the procedure. This
system enables a computer in the operating room to show the
location and position of our instruments with respect to the
patient’s anatomic features by viewing a computer monitor
loaded with the preoperative CT images. This is accom-
plished using a system of infrared emitters on the patient and
our instruments, and a series of infrared cameras within the
room all of which feed back to the computer. Using a neu-
ronavigational system thus allowed the creation of a com-
paratively small 6 cm curvilinear incision over the right FIG. 9. (Colon Exposed tumor just prior to lasing.
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FIG. 12. (Color) Closeup of the 5:30 o’clock position in Fig.(Bnagnified
20x%). Note the squared off appearance of what looks to be a divot due to a
single pass of the FEL beam. Also note the presence of the intact nuclear
morphology (small purple dotsnear the edge of the divot, with cellular
FIG. 10. (Color) Excised tumor. The arrow points to a vaporized defect. morphology lost only in cells adjacent to laser exposure that appears to be
consistent more with cellular edema rather than with true coagulation necro-

pathologic examination to confirm the diagnosis. The re-S's raditionally found in collateral thermal injury.

mainder was processed, stained, and mounted on slides and

inspected under the microscope. The width and depth of theure of the laser to the tumor. There was no char. There was
divot were measured for each of the sections. The adjacefnt smoke evacuation apparatus for safety, but no smoke was
tissue was then inspected at a minimum of five locations angisualized. On one subsequent patient, the meningioma was
coagulation necrosis was measured at approximately the élearly calcified preoperatively, as evidenced on a CT scan
5:30, 6:30, and 8 o’clock position of the secti®hown by  and by its texture at the time of surgery. The ablation rate

black arrows, Fig. 11 was noted to be much slower in that case and calcific lesions
may be more efficiently resected at another wavelength.
B. Postsurgical assessment The gross histologic examination of the slidésgs. 11

and 12 showed remarkably sharp, square edges at the laser—

The laser performed extremely well and was indistin—t. interf th minimal h haaic d itish
guishable from previous animal experiments. The tumor tis/SSU€ Intertace with minimal hemorrhagic deposittehow-
g as small magenta colored blglz the base and sides of

sue was ablated quickly and effortlessly. The surgeon noted' lesion. Ad i iniury tvpicall df
significant subjective advantage of this type of resection witht et etsuéln. " jacen ”'SS%?hm]u;y typlcatl_ y range f ro;ntunb-
respect to effort and speed in comparison to other commoﬂe ectable to one cell width and at no ime was found to be
methods of resection used for meningiomas, specifically ulgreater thar! three.cell w@ths. This flndlng IS similar to re-
trasonic aspiration, bovie loop resection, or mechanical re§_|t(1ltséoun|d n p:ev!ous atr;]lmal expenmer;]ts in our Iabs.f L:r?
moval with scalpel or forceps. Each macropulse ablated € 029 aser jesions, there was no ¢ ar on any 9 ne
portion of tumor approximately 0.5 mm wide and 0.07 mmsectlonsz. There was also no discernable “pale zone” like
deep and the articulated arm was easily and predictably co hat described around lesions made by other surgical |aSers.

trolled with the foot pedal. An estimate of the rate of ablation he presence of well defined nuclear morphology, typically

was approximately 1.8 mirper second, depending on hand !ost in tissue coagulation necrosis from collateral thermal

speed. There were no limitations in terms of angle of expoln.lury' is evident next to .the very edge cells ad_;ommg_the
divot throughout, suggesting that much of the adjacent tissue

injury could be attributed to nonthermal processes. Coagula-
tion necrosis, or heat damaged tissue next to the lesion, was
judged as minimal to none. Other such processes could in-
clude mechanical injury due to the pulsed nature of the laser,
simple perioperative tissue hemorrhage, as well as tissue pro-
cessing artifact.

From a clinical standpoint, there were no complications
from any of the first three patients involved in this study. The
FEL has been shown previously not to have significant he-
mostatic propertie’ however there was no significant hem-
orrhaging during laser ablation. The neuropathogy of each of
the tumors resected was consistent with meningioma, as pre-
dicted by preoperative scan characteristics. Postoperatively,

the patients woke up quickly and continued to have an exam
FIG. 11. (Colon 10 um section of meningioma, stained with H&E. Ablated a1 \ya5 unchanged neurologically. A postoperative magnetic
divot” indicated by black arrows, at approximate sites for measuring pos-

sible coagulation necrosis. The white arrow points to the area of the tissu€SOnance imagingVRI) scan one week postop showed no
processing artifact. residual tumor, nor any evidence of “punch through” of the
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operating room facilities. A rescan would likely be time con-

DIAGHOBTIC MG

$ 1154-96 F Z3-DEC-99 suming, but accurate. Ultrasound has already been utilized

24-0CT-1521 ) - 85:18 . . .

CONTRAST , i e SCAN 8 for navigation systems and many tumors would likely be

B b ¥, by good candidates for that modality. Interpretation of the ultra-

SCTIME 6:88 : o : - sound information can be a bit fuzzy at times, however, since

1533256 g . . .

NSA Z M ] i T images can be less than crisp depending on the sound reflec-
a2 . i . tion qualities of the tissue. Attenuated total reflectance infra-

red spectroscopy also shows diagnostic potential for this
task, and thus we may be able to use the infrared itself to
help gather the information needed for reconstructing the
changing environment.

While certainly much testing would be required, and a
well-trained surgeon would be needed for both exposure and
supervision of all such cases, the ease and speed of resection
demonstrated by the Mark-Ill FEL in this study suggest that
FIG. 13. One week postoperative MRI scan of the first patiamtal T1 an automated system for resecting tumors is not only con-

weighting with gadolinium contrastThe arrow points to the previous loca- ceivable, but could likely be accomplished with existing
tion of the tumor. There is no abnormal enhancement and the temporal Iob@chnobgy within five years.
has filled the tumor void.

: P~ o VI. OPHTHALMIC APPLICATIONS
laser (Fig. 13. Follow-up examinations found no clinical OF THE MARK-IIl FEL

evidence of adjacent or distant brain injury from the proce-
dure. A. Delivery system

The first human application of a free-electron laser was Ophthalmic surgical procedures using the Mark-Ill FEL
safe and successful, with the initial results consistent Wmhave been performed at the Keck FEL Center at Vanderbilt
previous animal data. With respect to ease of use, efficacy qiyjyersity. The infrared beam is transmitted under vacuum
tumor resection, and minimization of collateral thermal m—rom the FEL vault to the surgical suite, where it is directed

jury,_the. FEL was judged to be superb in this neurpsurgica nto a nitrogen-purged gantry. Then the FEL beam is focused
application and compares very favorably to conventional SUnto a hollow-glass waveguide to obtain a flexible delivery

gical .Iarl]sehrs. These findings suEporrt_‘ continuing clinical stud—system in the surgical fieldFig. 14.3° An adjustable dia-
ies with the FEL and suggest that the FEL tuned to b phragm is placed in front of the focusing lens to regulate the

has potential as a cIini_caI surgic_al tool with signifigant ad'transmission of the single-mode, Gaussian FEL beam. A 150
vantages over <_:0nvent|on_al surglca_l lasers for use in the re;, Cak; lens then focuses the beam into a 55 spot.
section of certain tumors in the brain. The beam then passes through a 200 diam pinhole that
o protects the walls of the waveguide during alignment. The
C. Future applications 530 um inner diam waveguide is attached with a SMA con-
Computer driven mirrors have already been well estabnector and protected with Teflon tubing. The surgical hand-
lished both in science and industry to give very intricatepiece ends in a 20 gauge thin-wall cannula. A Clfs with
control of lasers in making even very complex patterns, and focal length of 2 mm is placed at the tip of the cannula for
with much more speed and accuracy than control by a humalthal focusing and to protect the waveguide from moisture.
hand. Using a laser with such control and also the apparent The hollow-glass waveguides are fabricated by a liquid-
accuracy for removing tissue demonstrated above, one coulhase deposition technique that coats the inner surface with a
easily imagine an automated system for resecting tumorsilver film and then with a Agl filn?* The thickness of the

such as that already being done with vision correction proAgl coating will alter the wavelength optimization. Marcatili
cedures. and Schmeltzer theoretically accounted for the low losses

While a surgeon would still likely need to provide expo- associated with these waveguides in 18%Bending losses
sure, or a pathway to the tumor, an image-guided resectiofpr hollow-glass waveguides were calculated in 1990 by
certainly has the potential to be faster and more accuratdliyagi and Karasaw# where the key dependencies of the
Several image guided systems have reported submillimetrigttenuation coefficientx were
accuracy, including the one used in this study to localize the A2 1
tumor. Most would agree this compares very favorably with  a« — and a« R’ D
human knowledge and intuition-based navigation. What
would be needed that does not yet exist in proper form is amherea is the inner diameter anR is the bending radius.
accurate system of real-time image feedback, so that the sy$hus there are losses with bending and a decrease in bore
tem can be “aware” of what tissue has been resected andize.
thus the anatomy of the changing target. For our surgical purposes, waveguides optimized for

There are a number of ways one could envision intro-amide bands I, II, or 1l were selected and assembled into
ducing a feedback loop. A few medical centers already haverobes. At amide 1[(6.45 um), losses were determined by
intraoperative CT or MRI scanners constructed within theirmeasuring input and output energies through two different
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Adjustable diaphragm 500 pm diameter Fi\_/e dimensiqna]
to attenuate FEL energy metal pinhole adjustable optical mount

SMA connector

Free Electron Laser

|

CaF, lens N, input
f=150 mm

Hollow-glass
waveguide within
3 mm diameter
Teflon tube

20 gauge probe tip

Surgical probe handpiece

N, flow directions

CaF, lens/window

FIG. 14. Schematic of the FEL hollow-glass waveguide delivery system. The FEL beam passes through an adjustable diaphragm to attenuate the beam, and
through a 150 mm focal length lens and a @@ diam pinhole to couple the beam to the hollow waveguide. The waveguide is within a surgical probe and
is protected with a CaHens at the tip(Reproduced with permission from the Optical Society of America; see Ref. 30.

waveguide lengths, as well as by a 360° 25 cm radius curvesure of the cerebral spinal fluid surrounding the nerve com-
The coupling loss was £0.3dB (20:5%), thetransmis-  presses and damages the fibers. This procedure involves cut-
sion loss was 2:£0.15 dB/m(16.5%, and the loss in cur- ting a window in the thick coverings surrounding the nerve
vature was 0.7 0.25 dB (15-5%).%° transmitting vision to the brain. It is technically challenging

A surgical probe was sterilized with ethylene oxide mul-to expose and cut a window in the sheath to relieve pressure
tiple times to permit sterile surgery on animéfsg. 15 over  without damaging the underlying optic nerve. This wave-
a year without significant degradation. A waveguide probeguide system was used to perform optic nerve sheath fenes-
delivering a 6.45um infrared beam with a fluence of tration in rabbits, promising a technically less challenging
2.8 J/cnt and a spot size of 30@m in diameter were used to protocol®® Routine histological tissue data analysis showed

ablate cadaver retingrig. 16).%° that the 6.45um FEL beam at 10 Hz macropulse repetition
rate and 2 mJ/macropulse were able to cut the optic nerve
B. FEL optic nerve sheath fenestration sheath without cutting the underlying nerte.

Onti heath f ion has b ful | Anesthetized rabbits received optic nerve sheath fenes-
ptic nerve sheath fenestration has been successiul {p,ions with the FEL or with a knife. The conjunctiva was

pfe"er!g'fg vision _IOSS in patients  with pseudmeoropened and the superior rectus muscle was disinserted. The
cerebri?® This is a disease where abnormally elevated pres-

FIG. 15. Surgeons using a hollow-glass waveguide FEL surgical probe t&1G. 16. Histologic results showing the ablated incision in the retina. No
perform an animal experimentReproduced with permission from the Op- collateral damage was foun@eproduced with permission from the Optical
tical Society of America; see Ref. 30. Society of America; see Ref. 30.
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FIG. 18. (A) 0.8 mm diam endoscope coaxially coupled to a goniotomy
needle placed in the anterior chami&) 0.8 mm diam endoscope coaxially
coupled to a 25Qum diam hollow waveguide for intraocular delivery of
FEL energy placed in the anterior chami@)—(E) Anterior chamber struc-
tures viewed through the endoscope since the corneas are extremely cloudy.
(C) The needle tip is placed into the ang(B) The laser probe is aimed at

the trabecular beams$E) An area of incised angle is visibl¢Reproduced

with permission from Ref. 38.

knife incisions showed a lack of optic nerve damage with
hematoxylin and eosi(H&E) staining. Near the fenestration
site, glial fibrillary acidic protein(GFAP) (a histological
marker of astrocyte activatiprwas increased within a few
hours after incision with the FEL or the knife to demonstrate
the sensitivity of these cells to manipulation. Hypertrophy of
these glial cells was also evident after one month of healing
equally in both treatment groups. Extensive nerve damage
was observed when a macropulse energy of 7.5 mJ was ap-
plied to one nerve sheath, but optic nerve sheath fenestration
b) appeared safe with macropulse energies less than 238 mJ.
Additional studies are ongoing.
FIG. 17. (Color) (A) Sterile hollow waveguide probe that delivers FEL
energy to the optic nerve sheatB) Window over the optic nerve is visible

after removal of the incised shedghown by the arroyv (Reproduced with . )
permission from Ref. 35. C. Endoscopic FEL goniotomy

Goniotomy is a surgical treatment for infantile glau-

) ) _ ) coma. In goniotomy, a fine needle is inserted into the anterior
optic nerve could be observed with extensive retraction. A Zhamber through a peripheral corneal incision to cut thick-

mm diam window was produced by incising the optic nerveened trabecular beams to allow the iris to move posteridrly.
sheath either with a knife or with the FEL bed®45um,  This may reduce intraocular pressure by decreasing the re-
10 Hz macropulse repetition rate;2.5 mJ/macropulse, 300 sjstance to aqueous outflow. A 250m inner diam wave-
um spot size, Jus macropulseusing a 53Qum diam wave-  guide system was combined with a 0.8 mm diam ocular en-
guide probgFig. 17A)]. Then using a small hook we care- doscope to perform FEL laser goniotomy and to compare to
fully removed the dura and arachnoid to create the fenestrareedle goniotomy in anesthetized congenital glaucoma
tion window [Fig. 17B)]. The superior rectus muscle and rabbits3®
conjunctiva were repaired. The rabbits survived for one  Goniotomy was performed with either the neefifég.
month or were sacrificed immediately following surgery with 18(A)] or the FEL[Fig. 18B)] at 6.45um, 30 Hz macro-
their optic nerves prepared for histologic analySis. pulse repetition rate, and 2.2—3.5 mJ/macropulse coupled to
Aiming the FEL probe was found to be technically easieran endoscope. The rabbits’ corneal edema prevented ad-
and relatively efficient at cutting the circumference of the 2equate visualization of the anterior chamber angle structures
mm diam circle in the small space between tissues comparetirough the cornefFigs. 18A) and 18B)].% The image of
to positioning the knife. One or on rare occasions two circuthe angle was viewed on a video monitdfigs. 1§C)—
lar treatments with the FEL lasing an average of 2.0 mJ pet8(E)] as the angle was incised 100°—120°. Intraocular pres-
macropulse were adequate to incise the dura. sures were measured postoperatively. The animals survived
Both 6.45um FEL incisions at<2.5 mJ/macropulse and three weeks and then underwent goniotomy on the contralat-
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eral eye immediately prior to euthanasia. Both eyes werénterfaces with rugged visible-infrared optical materials such
preserved for histologic evaluatidh. as silica, sapphire, zinc sulfide, silicon, and germanium.
This FEL surgery successfully lowered the postoperativeBased on this analysis, the useful evanescent field depth is on
intraocular pressure for three weeks in the rabbits and wathe order of 0.1-2um.*? Here in Sec. VI we will describe
comparable histologically to endoscopic goniotomy per-how evanescent optical waves are generated at optic—tissue
formed with the needle. No collateral thermal damage wasnterfaces, and how these evanescent waves can be used di-
observed® agnostically to sense, monitor, and measure the tissue, and
therapeutically to thermally injure or ablate the tissue.

D. Future prospects

The Mark-Ill FEL beam delivered through a hollow- A Evanescent optical waves
glass waveguide has the potential for surgical applications in . o )
ophthalmology. It has been delivered successfully to small  Eléctromagnetic radiation is totally reflected from an in-
surgical targets in and around the eye. A clinical comparisofirface defined by a high-refractive-index medinmand a
trial of optic nerve sheath fenestration with the FEL or scis-OW-refractive-index mediunm,(n,>n;) when the angle of

sors on blind eyes prior to enucleation is ongoing. In order tdncidence exceeds the critical angle. The critical argléor

become clinically useful and acceptable for surgical procelot@l internal reflection is defined by Snell's law, #in

dures, smaller more economical lasers that mimic the key N2/Mi- The boundary conditions require that the electric

operating characteristics of the Mark-Ill FEL must be devel-€ld. and hence the energy, be present in a layer somewhat
oped. less than one wavelength thick on the side of the inter-

face. The waves in this layer are called evanescent waves
because they decay rapidly to zero away from the interface.
The plane wave evanescent electric field amplitude in a
transparent medium is given y
Historically, precise laser surgery has targeted wave- :
lengths whereythz optical absorptiogn ir):the tissug is high. For Ee(x.y, ) =Ecexii(kx—wt) Jexp( = vkyy), 2
micron-scale surgical precision using normally incident lasemwherey= (nf Sir? 0i—n§)1’2, andk, andk, are the wave vec-
pulses, high tissue absorption coefficients in the ultraviolettors in the planes perpendicular and parallel to the interface.
below 220 nnt° and the infrared, near 2.94m*° are typi-  Since the wave fronts or surfaces of constant pltpagallel
cally targeted with conventional lasers. However, micron-to theyz plane are perpendicular to the surfaces of constant
scale precision can be obtained using evanescent wavesnplitude(parallel to thexz plane, Eg. (2) is a inhomoge-
even at wavelengths where optical absorption is weak. Usingeous wave. The powefirradiance is proportional to
evanescent optical waves, laser energy can be confined toEﬁ exp(—2ykyy). The penetration depth, of the evanescent
layer less than one wavg4|2ength thick at the surface of highwave in a absorbing external medium is
refractive-index devices: "< Optical energy outside of the _ _ 2 201
device is present only within a few micrometers of the de- %= 1/(2yky)—)\/[47r(nls|n2 0i=n3) ?l. ©)
vice's surface, rather than freely propagating as a lasefhe amplitude of the evanescent wave decays rapidly in the
“beam” into the tissue. The Mark-IIl FEL is ideal for achiev- y direction and becomes negligible at a distance of only a
ing efficient ablation rates because of its wavelength tunabilfew wavelengths of light. When the lower refractive index
ity, short pulse duration, and high average power. For effimedium has absorption, the indexis replaced by the mag-
cient ablation of tissue with minimal thermal damage, shornitude of the complex refractive indexn,|=n,,—iny;,
pulse durations that achieve thermal confinefiéiton this ~ where n,; is the absorption index and is defined s,
micron scale is necessary. Each short laser pulse of sufficiert A u,/47r. This introduces the absorption coefficient of the
incident energy removes a layer of thickness approximately external mediunte.g., tissuginto the solution of Eq(2) and
and thermally denatures a layer of several tin#S The  describes the loss of “total” internal reflection due to absorp-
optical penetration depth is important not only for deter- tion within the evanescent wave. The reflectance at the
mining the amount of tissue removed and the residual themptic—tissue interfaceR, ; can be written according to
mal damage, but also for choosing the optimal laser waveFresnel relations where and|| are the polarizations perpen-
length and pulse duration. For example, for arh depth of  dicular and parallel to the plane of incidence, respectively.
penetration the estimated ideal pulse has a duration of aboilihe fraction of absorbed incident energy in wateimick-
1 us and an energy of at least tens of millijoules. A Mark-IIl ing wet tissue absorption in the infrared spectrusngiven
FEL is well suited to these requirements. The pulse duratioly (1—R, ;). The required incident energy is obtained by
is variable over the desired range and the wavelength can baultiplying the latent heat of vaporization of water by the
tuned through the midinfrared tissue absorption bands tpenetration depth, and the laser beam area, and dividing by
study the deposition of energy, cavitatiovaporization of the absorbed fractioh2500 J/crix 6e><(7'rw(2))/2/1— Ryl
watep, and tissue ablation arising from evanescent wave inand may be a factor of 8 less if the partial vaporization model
teractions. holds for E,~330 J/cni.**

Maxwell's wave equations can be applied to describe the  Figure 19 shows evanescent optical waves at an interface
evanescent optical fields in wat&x good approximation for between sapphire and water. The leftmost part of each curve
wet tissuey for all angles of incidence and polarizations at corresponds to the critical angle for that wavelength, for in-

VII. FEL BEAM DELIVERY VIA EVANESCENT WAVE
COUPLING AT OPTIC-TISSUE INTERFACES
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FIG. 19. Evanescent optical waves at an interface between sapphire andAglére penetration depth of the evanescent wave(Bhdhe incident energy
required for the vaporization of water by laser energy for perpendicular polarization as a function of the incident angle for wavelengths from.2 to 4

stance §,~48° at 2.1um. Note the variation in the order of waves at the boundary of fiber optics have also been used for
magnitude in the evanescent wave's depth of penetratiorspectroscopy and diagnostic applicati6hsNow suppose
The laser beam area calculation assumes gidf@aussian that we design a catheter that launches evanescent waves for
beam waistwy. The input energy required to induce abla- both diagnostic and therapeutic procedures. The same cath-
tion in water at a sapphire—water interface using a p® eter can deliver low level diagnostic light, say, from FTIR,
Gaussian beam waist is less than about 30 mJ for all waveand therapeutic light from an IR FEL, for instance.
lengths except 2.Jum, where the input energy required is Our preliminary work on the spectral signatures of dif-
roughly 100 mJ. These are modest energy per pulse requirgerent tissues in the IR shows promise for diagnostic imag-
ments for a Mark-1ll FEL. The practicality of evanescent- ing. Figure 21A) shows IR reflectance spectRaof porcine
wave-driven tissue ablation is apparent from this analysisaorta and fat tissue taken with an ATR cell from 2—10.
Evanescent wave ablation occurs at modest power densitidé¢ote the differences in the spectra near 3.4, 5.7, anduB5
(~10° Wicn?), well below the threshold for optical break- These spectra give a nice qualitative picture of tissue differ-
down (~10° W/cn¥).*? ences as a function of the wavelength. In order to model the
Figure 20 shows tissue ablation using normally incidentherapeutic interaction of the evanescent wave at the inter-
(0°) and evanescent (65°) optical waves at a sapphire-face, though, it would be much better if we had quantitative
porcine aorta interface with Mark-1ll FEL light at a wave- data for the optical properties of the tissue, for instance, the
length of 3.24um (L polarization). The images are toluidine complex refractive inder,. This can be done by taking the
blue-stained histology sectiofiar=100xm in Fig. 20B) reflectance data sé® from the ATR FTIR, input it into a
and bar20um, ablation to the left of the arrow in Fig. Kramers—Kronig algorithm to obtain the phase, and compare
20(B)]. The image in Fig. 2\) shows an ablation depth of the Fresnel reflection at the interface to calcufateandn,;
about 500um, and that in Fig. 2B) shows an ablation parts of the complex refractive index.*° Figures 21B)
depth of about 4um. Also visible are the black elastic layers and 21C) show our calculation of the complex refractive
and the smooth gray muscle cell layers that underlie the enndex of the tissues from Fig. 2A). This now allows more
dothelial cells at the surface. precise modeling of the light—tissue interaction at these
Evanescent waves have long been used in ATR spectrosptic—tissue interfaces.
copy in the infrared(IR),*” in which the evanescent wave It is also possible to launch an optical probe beam at the
field is used to measure absorption spectra at surfaces interface to sense and monitor the dynamics of a tissue ab-
contact with high-refractive-index crystals. Evanescentation process® This probe is capable of measuring the en-

FIG. 20. Tissue ablation usin@) normal incident (0°) andB) evanscent (65°) optical waves at a sapphire—porcine aorta interface with FEL light at a
wavelength of 3.24um with perpendicular polarization.
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B. Future prospects

We are presently investigating the uses of these evanes-
cent optical waves for applications in cardiology, neurosur-
gery, and laparoscopy. The IR catheter we are developing
would allow spectroscopic feedback at the time of surgery to
better determine the margin between healthy and diseased
tissue. In cardiology, identification and modification of ath-
erosclerotic plagque using IR evanescent light delivered
through a cathetét may allow selective ablation of plaque at
the unique wavelengths of fatty tissue absorption shown in
Fig. 21. Preliminary data for neural tissue hold promise for
identification of brain tumors, and the precise, controlled de-
livery of evanescent waves for ablation may allow better
resection of these tumors with less damage to the surround-
ing healthy neural tissue. The ability to dissect through the
fatty tissue surrounding many of the organs of the abdomen
without transecting the blood vessels would be a major ad-
vance in laparoscopy. The unique spectral signatures of these
fatty tissues in the IR may make controlled, selective abla-
tion of fatty tissue in the brain, blood vessels, abdomen, and
spinal cord possible.

In contact geometry, for instance, an optic—tissue inter-
face, evanescent waves have a unique capability in diagnosis
and therapy, where precision and control of light is impor-
tant. Laser-generated evanescent waves can achieve ex-
tremely precise superficial ablation of tissue. Compared with
normal-incidence exposure, the depth of ablation is limited
by the evanescent wave penetration depth, independent of
the number of laser pulses, and can be orders of magnitude
less than the normal-incidence ablation depth. The practical
implication is that high-precision, endoscopic laser surgical
devices can now be realized, with the added advantage of
control of the laser energy. Unlike free-beam laser surgery,
only tissue in contact with the optical interface of an evanes-
cent wave device is ablated, thereby allowing safe infrared
beam delivery in the operating room. These tools may allow
the diagnosigspectroscopyand therapyablation to be per-
formed in one catheter.

VIIl. MICROBEAM TO INVESTIGATE TISSUE
DYNAMICS

The application of molecular genetic strategies has re-
sulted in major advances in developmental biology, in par-
ticular, our understanding of how specific genes influence the
patterned movement of tissteNevertheless, these extraor-
dinarily powerful strategies fall short when probes for cellu-
lar function need to be applied with high spafidiffraction
limited) and temporal €s) resolution. Laser microbearis
have been used to surgically investigate the forces respon-

gene expressiotf. An infrared, near-field microscope that

calculated(B) real and(C) imaginary parts of the complex refractive index combines spectroscopic and imaging capabilities has been

n,.

used to investigate biological tissue as well as subcellular

ergy deposition at a dielectric—tissue interface. The transiergtructures at the superconducting acceleréd@A) FEL fa-

rise in temperature of the laser-heated layer at the interfaceility at Stanford®’ Here we describe methods that optimize
can be measured using this calibrated probe and the onsetloéam delivery to thick biological specimens while monitor-
ablation can also be detected.

ing tissue response at high spatial and temporal resolution.
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FIG. 22. Optical layout of the laser microbeam facility. OF—optical flat, M—mirror, L—lens, Ir—iris, QTZ—quartz flat.

We have developed a laser-based microbeam to investpact Continuum MiniLite Il. The layout of the confocal mi-
gate tissue dynamics vivo at the Duke FEL Laboratory. croscope is shown in Fig. 22 as well as in Fig. 23, which
The system has been planned to accommodate numeroggnsiders the optical path of the perturbing beam within the
light sources, including the UV OK-4 FEL and the infrared microscope. Much of the early research has concentrated on
Mark-Ill FEL as well as commercial laser systems. The Mi-making precise, user-defined incisions of fruit flies in early
crobeam can be used to perturb the tissue, cells, and thelfages of developmefft.For this, the commercial Nd:YAG
constituent biological molecules while monitoring in real | oo system allows progress in biological/biophysical re-

time with cc_)nfocal MICroscopy. _ngh-resolutlo_n IMagiNg 1S saarch while at the same time highlighting technical issues
achieved with laser confocal microscopy to visualize greeny -+ can be generalized to FEL microbeams

fluorescent proteinfGFP labeling of the cytoskeleton in To minimize the spot size of the biological specimen,

transgenic animals. each perturbing beam must be of high optical quality when it
A. Microbeam enters the rear aperture of the imaging objective. In the fol-
The microbeam is shown schematically in Fig. 22, wherdowing, we describe the optical system used with either the
the perturbing beam can be the IR or UV FELQaswitched ~ second (532 nm or third (355 nm harmonics of the
Nd:YAG laser systeniContinuum YG571, 10 ns pulsewidth, Nd:YAG laser system. The first stage of the optical train
10 Hz) or a mode-locked Ti:sapphire laser systé®pectra- filters unwanted wavelengths from the ablating beam and
Physics Tsunamai, 100 fs pulse width at 80 MHIn the  provides fixed attenuation of the power. The beam first re-
near future the Nd:YAG will be replaced with the more com-flects from a fused silica optical flatJanos Technology
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FIG. 23. Schematic diagram of the microscope’s interior showing how the internal excitation beam and the external ablating beam are combined with a
dichroic mirror to simultaneously direct both onto the sample. Note that the ablating beam diverges slightly to compensate for longitudinad chromat
aberration of the microscope objective in the UV. A second dichroic mirror is used to separate sample fluorescence from light scattered byotharekcitati
ablating beams. The fluorescence is then focused through a pifduipigate to the objective’s focal planieefore impinging upon a photomultiplier for
detection.

A1805-358 45° in the plane of the optical table. The secondstage(Newport RSP-1Tto provide continuously varying at-
harmonic iss polarized and the third harmonicspolarized tenuation of the ablating beam. Immediately after the polar-
with respect to this optical flat. Thus the second harmonic iszer, a glass coverslip is used to redirect a fraction of the
attenuated to- 1/20 and the third harmonic te 1/100 of the  ablating beam to an energy meter for online monitoring of
incident power. The beam then passes through a coloreithe energy per pulse. For the final conditioning stage, the
glass band pass filtdfor 532 nm the Newport FSR-UG11, ablating beam is then passed through a pair of lenkgs,
for 355 nm, Thermo Oriel No. 5197@hat cuts out any re- =20.0 cm(Newport SPX028andf,=27.0 cm(CVI PLCX-
sidual light from the fundamental and unwanted harmonic£5.4-128.8-UVY, on an optical rail. This pair of lenses is
of the laser. For operation at 532 nm, the beam is then redesigned to expand the ablating beam to fill the back aper-
flected from a second optical flat, providing total attenuationture of the microscope objective and to provide fine control
to ~1/400 of the incident power. For operation at 355 nm,of the divergence properties of the beam. The ablating beam
the optical flat is replaced with a dichroic mirror optimized is now ready to be introduced into the microscope with pre-
for reflection at 355 nnm{CVI PAUV-PM-1037-Q to elimi-  cise user control over its four critical parameters: power, spa-
nate further attenuation at this wavelength. tial mode, beam diameter, and divergence. It turns out that
The remainder of the optical train is used for either 532some divergence is necessary to compensate for the wave-
or 355 nm light. The ablating beam is passed through a spdength dependence of the refractive index of the microscope
tial filter to clean up the mode content. The spatial filterobjective.
consists of two convex lensésach with a focal length of We bring the ablating beam in through the Keller port of
75.7 cm for 532 nm light, CVI PLCX-25.4-360.6-U\and a  the Zeiss axiovert microscope of the 410 confocal system. To
100 um pinhole. We chose these long focal length lenses t@llow simultaneous imaging and laser ablation, the first sur-
minimize the power density at the focus and thus avoid damface mirror that is mounted in the fluorescent filter slider is
age to the pinhole. The pinhole is held in a positioning mounteplaced with a short pass dichroic mirror without loss of
(Melles Griot 07HPI5010n a small optical rail to minimize image intensity. The ablating beam passes through the di-
the time required to reoptimize transmission through the spachroic mirror and becomes coaxial with the scanning laser
tial filter when changing wavelengths. The size of the pin-beam(argon, 488 nmof the confocal system. Both beams
hole was chosen so it would pass only the center fringe oére then transmitted through the objective and onto the
the incident beam at the focus of the first lens. The secondample. Different sets of dichroic mirrors are used to opti-
lens is used to recollimate the beam. This setup provides mize the confocal fluorescent imaging performance while ab-
Gaussian beam profile at both 532 and 355 nm. lating at either the second or third harmonic of the Nd:YAG
To this point, the optical train has provided gross attenuiaser.
ation of power and cleaned up the mode structure of the Two elements of the optical train are under computer
beam. The beam is then transmitted to the optical table onontrol: a fast shutteftUNIBLITZ US25S2ZM0 just prior to
which the microscope rests for fine tuning. As discussedhe spatial filter and the actuataiidewport CMA-12PP on
above, the output of the Nd:YAG laser is polarized. We use ahe mirror underneath the microscope that steers the ablating
calcite polarizer(Newport 10GLO8 mounted on a rotation beam towards the objective. Custom programs have been
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written as Java plugins tavAGEJ [National Institute of
Health (NIH)] and executed on a PC. The shutter is con-
trolled through an RS-232 connection to a UNIBLITZ D122
driver. In a similar way, the mirror actuators are controlled
through a second RS-232 connection to a Newport controllel
(ESP300-11N11N The shutter is used to control sample ex-

. . Diameter
posure to a defined number of pulses from the ablating laset ~0.5 um
The mirror actuators are used to scan the ablating beam it l
the two dimensions of the plane of focus.

We use confocal fluorescence microscopy to observe
fruit fly embryos during laser microsurgery. The argon laser,
which is internal to the microscope housing, is focused onto
the sample, exciting a cone of GFP molecules both above
and below the focal plane of the objective. Fluorescence 10 um
from these molecules is collected by the objective and sepa-
rated from scattered excitation ||ght with a |Ong_pass di_F|G.24. Examples of laser microsurgery using the third harm@ﬁé nn)

chroic mirror. The fluorescence collected is then focused! 2 Q-SWitched NA-YAG laseriA) By selecting a per pulse energy that lies
Jjust above threshold, the ablating microbeam can create lesions as small as

through a pinhole that is conjugate to the focal point of thep s .m in diameter on solid samples like a metal film. Larger energies result

objective. This configuration largely rejects fluorescencen larger lesions(B) A single pulse is delivered to the boundary between

from regions of the sample outside the focal plane. To bu”dissue_s in a living fruit fly embryq. The three panels are a time-lapse pro-
. . . . _gression of confocal fluorescent images from before the laser pulges

an image, the detector Slgnal from the photomultlpller ISafter the pulse, and 14 s after the pulse. Withis the lesion has expanded

compiled as the excitation source is raster scanfed. to a diameter of-2 um. It continues to expand for tens of seconds follow-
At the beginning of each set of experiments, the align-ing the laser pulse(C) The ablating beam is steered so it cuts a linear

ment of the ablating beam is carefully checked with aincision (~75um in length across the entire width of an embryonic tissue
known as the amnioserosa. The panels are a time-lapse series of images

.rholdamin.e B dye ir.‘ an agarose gel. The confocal microscopg&iiected during this incision. The amnioserosa tissue retracts strongly as it
is first adjusted to image the bottom surface of the gel. Thes cut.

with the ablating beam blocked from the entrance to the
microscope, the spatial filter is optimized and the polarizems, Future prospects
set to pass-200 nJ per pulse to the sample. While imaging

the surface of the gel, the shutter is transiently opened to We will negd to have S|m|!ar control of the POWer, spatial .
. . mode, beam diameter, and divergence when adapting the mi-
allow single shots from the ablating beam to reach the . :
) : %robeam system to either FEL source. Since we are already
sample. The lesions produced in the agarose gel are used to

position the ablating beam in the center of the image planel.JSIng UV optics for the third harmonic of the Nd:YAG, only

The diveraen f the ablating beam at the rear ftur sfmall adjustments will be needed to use the OK-4 FEL as the
€ divergence of the ablating beam at the rear aperiure %blating beam. Many more significant modifications will be

the mic.roscope obj.ective Is then fir.1ely adjusted .th-roggh th(?lecessary to adapt the microbeam apparatus to take advan-
SePara“f’” of the final two Ienses_m qrder to minimize thetage of the preferential ablative properties of infrared
lesion size observed. As shown in Fig. 24, our ability 10 iation® We can simply replace the lenses and calcite po-
measure the absolute size of the lesion in soft biologicajyyizer with similar IR-transparent optics. However, special
tissues is limited because such tissues retract from the maty e myst be taken in the selection of microscope obijectives.
gins of the ablated spot. However, the lesions may be age could compensate for the chromatic aberrations in the
small as 0.5um in diameter when a metal film is targeted. piectives over the small wavelength ranges involved in the
~ Once the ablating beam has been optimized, we can bgsipied Nd:YAG microbeam apparatus. To match the focal
gin a set of experiments. Typically one fly embryo is used topanes for a visible imaging system and an IR ablating beam
finely adjust the energy per pulse in the ablating beam so thage will need to use a reflective Cassegrain objective on the
it is just above the single-pulse ablation threshold. For apjcroscope, which has already been tested in our laboratory.
typical experiment, we then take a single confocal fluoresyyjith these modifications, the laser microbeam apparatus can

cent image of a fly embryo and open this imageMnGEL.>  pe extended to take advantage of available FEL sources.
The user then begins taking a time-lapse series of images of

the embryo and selects the desired cutting trajectory on the

embryo inIMAGEJ. On command, the system will then move IX. MARK-IIl FEL APPLICATIONS

the two mirror actuators in order to position the ablatingIN MASS SPECTROMETRY

beam focus in the image plane at the start of the user-defined Mass spectrometryMS) is an indispensable analytical
cut, open the shutter, move the ablating beam along the useol in biological, environmental, medical and polymer sci-
defined trajectory, and close the shutter when complete. Thences and technology because of its high mass resolution
tasks of imaging and directing the ablating beam are con¢~10"“), wide mass rangéup to 1¢ Da), and efficienc$°
trolled by two separate PCs. An example of real-time confoA major challenge in MS is developing “soft” ionization
cal imaging during laser microsurgery of a fruit fly embryo is techniques that leave large, thermally labile analyte mol-
shown in Fig. 24C). ecules intact. Two competing complementary “soft ioniza-

17

14 s after laser shot
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tion” techniques are widely used in MS, electrospray ioniza- System Configuration
tion (ESN® and matrix-assisted laser desorption ionization

(MALDI).%2 In MALDI, the analyte is encapsulated at low

concentration in a matrix that absorbs laser light. As the ma- LN, cooled 'fLL
trix is ablated, the analyte molecules are entrained in the sample stage
plume of ablated material, cooled by free-jet-like expansion sampie A Monitor | Pentium PC | Delay Generator
and also, to some extent, shielded from collisions until ion- interlock »/ R-TOF detector -
ization occurs. o o o R Y
The Mark-Ill FEL—with its combination of high inten- Ny [ photodiode
sity, high pulse repetition frequency, tunability, and ultrashort N, ERYAG dichroic mirror _ Shutter
pulse duration—offers two significant opportunities for ex- ™ fonmators FEL Beam
ploring and improving the soft ionization process. First, any Sl laalEil
spectroscopic effect, such as ion yiefd is proportional to (electro-optical leteope
the energ)E deposited per unit volum¥: switch)  Ge filter
Yot (E/V)=F pase( @, 1) matrix, (4) FIG. 25. Schematic of the reflectron time-of-flight mass spectrometer ex-

periment located at the Vanderbilt W. M. Keck Free-Electron Laser Center.
whereF is the laser fluencey is the absorption coefficient, The ion source is located in a large cubical vacuum chamber; different
. . sample holders, equipped, for example, with cryocooling or movable micro-
a_ndw _andl are, respe_ctlvely, _the laser frequt_ency_ and Intentiter plates, are mounted by interchanging the rear access plate of the
sity. Since many matrix materials have rich vibrational specvacuum chamber. The FEL beam transport system, including the electro-
tra in the midinfrared, the local density of vibrational exci- optic switch, as well as other laseir:YAG, N,, KrF/ArF, and Nd:YAG
tation and the ability to initiate specific processes, such a&an be used interchangeably to provide laser ablation and ionization of the
ionization, can be varied according to the wavelength and®""'¢®

intensity. Second, the ionizatiomte scales with the inten-

sity, rather than the fluence an EPM1000 controller. The readings are then corrected for
dN* the measured transmission of the lens and ZnSe window of
a2 Noor o (1/f @)X, (5  the vacuum chamber to arrive at the total energy deposited in
the target.
whereN™ is the number of ionsy is the quantum efficiency Mass spectra are acquired with a custom-built,

(which can be taken to include all ion loss processes, such dgboratory-modifid 3 m  reflectron time-of-flight mass
collisional neutralizatioh) o is thekth-order cross section spectrometéf (Comstock, Oak Ridge, TN equipped with

for ionization, and is the laser intensity. Thus in principle, delayed extraction, a dual-chevron microchannel plate
the ionization rates associated with ns-laser-induced desorfMCP) detector(Galileo Electro-Optics and either a 96-

tion and ionizationshould belower than those for ps or fs Well movable microtiter plate stage or a cryogenic sample
pulses; whether or not this is true in a practical laser ionizastage maintained near liquid nitrogen temperatures. In the
tion source for MALDI MS remains to be demonstrated con-Cryostage, the probe is slightly off the ion-optical axis of the
clusively; early FEL MALDI-MS studies showed clear evi- mass spectrometer, so that one can ablate multiple spots on
dence of intensity, rather than fluence, depend&hdmyt  the target by rotating the probe. The temperature of the stage

more recent experiments reveal a more Comp|ex piéfure_ is monitored by a resistive thermal device attached to the
front of the cryostage by thermally conducting epoxy. Volt-

age of 5 kV is applied 300 ns after laser irradiation to accel-
erate ions generated in the evolving ablation plume; focusing
The Vanderbilt University FEL has been used to demon-s achieved by an Einzel lens near the front end of the flight
strate soft ablation and ionization of proteins with masses upube. At the end of the ToF tube, ions are accelerated to 4 kV
to 66 kDa from a variety of matrix crystafs,so work has just in front of the MCP. lon signals are detected by a 500
now been expanded to include such biologically relevant maMHz data acquisition cardSignatec DA 500A and pro-
trices as water and gelgjithout adding any exogenous ma- cessed by custom software basedLeBwINDOWS cvi. The
trix materials. The Vanderbilt FEL has 1 ps micropulsesapparatus is shown in Fig. 25.
spaced 350 ps apart in a macropulse lasting up s 4with A recent experiment showed the utility of the FEL in
an average power of up to 3 Windividual macropulses desorbing and ionizing small proteins directly from a poly-
from the free-electron laser are routed through a broad-banacrylamide gel of the type used in electrophoresis separa-
Pockel's ceft? to slice out a shorter segment that ranges frontions. Angiotensin 1(1160 D3 and bovine insulinf5637 Da
100 to 400 ns, typically containing 50—3@d in a few hun-  were dissolved in de-ionized watéhigh pressure liquid
dred to a thousand micropulses; the pulse energy is adjustethromatography gradeontaining 0.1% trifluoroacetic acid
by crossed polarizers. The laser spot size at the surface of tlee concentrations of 5 and 3 mM, respectively; equal parts
MALDI target, measured with a reticle under an optical mi- (v:v) of the two analyte solutions were then combined. A 5
croscope, is typically 10 * cn?, producing micropulse mm diam disk of the gel was cut out using a small punch and
intensities of 18—-6x10° W/cn?. Laser energies are mea- placed in the sample probe. Approximately#of the com-
sured directly in front of the final focusing lens (BaF bined analyte solution was pipetted onto the gel disk; after
EFL=10.6 cm) using a Molectron J25-110 energy meter and.O min, the gel section was rinsed with de-ionized water and

A. Reflectron time-of-flight mass spectrometry
with the FEL
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FIG. 27. (A) Experimental geometry for mass selected ion detection. The
setup was used to determine the mass and energy distribution of cation ions
101 7 emitted by FEL irradiation of DHB microcrystallites at 2.94n. (B) Ex-
perimental geometry for higher sensitivity TOF measurements made without
mass selection.

05— -

Angiotensin Yield (arb. units)

o Samples of 2,5-DHB both with and without dilute con-
centrations of angiotensin were mounted on a translatable
oo = == == R sample manipulator in a small turbopumped ultrahigh
(B) FEL Wavelength (um) vacuum chambe(Kimball lon Physicg, base vacuum was

S - _ 10" Torr. The FEL was tuned to 2.94m, and 100 ns FEL
FIG. 26. (A) Mass spectrum of angiotensin and bovine insulin obtam‘ed atmacropu|ses were allowed to strike the MALDI target. Two
5.9 um from a polyacrylamide ge(B) Wavelength dependence of the yield . .
of angiotensin from the same polyacrylamide gel. experiments were then performed. First, a Stanford Research

Systems RGA300 residual gas analyd@6A) was operated

blotted. The gel disk, mounted in the probe tip, was therfS @ quadrupole mass spectrome@S) to identify unam-
submerged into liquid nitrogen for approximately 30 s andPiguously the mass-to-charge ratio of the ions and ion frag-
placed in the cryostage. ments from the laser ablation. Second, nonmass-selected
Figure 26 shows a typical mass spectrum and the relativéme-of-flight experiments were carried out by allowing the
yields of the angiotensin as a function of wavelength near theéharged particles to drift in a field free region for 41 cm
5.9 um vibrational resonance that includes both the bendindpefore passing through a grounded grid and being acceler-
mode of water and the first overtone of in libration. The  ated towards the channeltr@Burle 4730G detector surface.
dependence of the ionization yield on the wavelength is aThe negligible effect of small axial fields in the quadrupole
unambiguous signature of a resonant absorption procesmass spectrometer on the velocity of the ions was confirmed
More interesting, however, is the fact that the 10-fold strony these time-of-flight(TOF) measurements. Single ion
ger absorption resonance at 2.94n produces no ions pulses generated when an ion strikes the detector surface
whateve”’” While this null result agrees with previous were measured in pulse-counting mode. This is an extremely
MALDI studies using the Er:YAG laser at the same wave-sensitive technique, since it avoids the dead-time effects in a
length, no satisfactory explanation has been forthcoming typical MCP; however, the small apertures at the entrance
date. This result is particularly vexing since irradiation of 3nq exit of the QMS, shown in Fig. 29, keep a large per-
water ice using the FEL at 2.94m doesproduce ion signals  centage of the ions from reaching the detector. Thus, mea-

H 8
for small proteins’ surements made using only the shielded detector are much
_ . _ N more sensitive because of a higher signal to noise ratio.
B. Single-ion measurements of ion velocities Detector signals are routed through a CLC401AJP op-

While the efficacy of IR MALDI MS has been clearly €rational amplifier(National Semiconductprinto the Sig-
demonstrated using Er:-YAG laséfsthe mechanism of ion- natec PDA500 500 MHz wave form digitizer, and then pro-
ization remains a puzzi€.To elucidate the mechanisms of cessed by customABviEw software, which controls the
infrared laser-induced desorption and ionizatibaye mea- RGA, the PDAS00, and aX-Y sample translation stage.
sured the flight times of single ions produced by ablation ofThe arrival time of each ion was recorded and was used to
a conventional MALDI sample preparation that incorporatedgenerate a TOF distributiom{\/dt), from which the energy
angiotensin into microcrystallites of 2,5-dihydroxybenzoic (AN/dE) and velocity @IN/dv) distributions are calculated
acid (DHB). by
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kHz being a convenient benchmark. Therefore, it is likely

250x10 "2 that future analytical mass spectrometers will incorporate
- solid-state, high repetition-rate lasers, in spite of the added
= 200 cost. Higher quality data acquired at higher speeds implies
& correspondingly higher throughput and more sophisticated
% 150 data interpretation, thus justifying the cost differential.
Z 100 While free-electron lasers are too complex and costly to
T use in routine analytical applications, research on soft ion-

50 ization processes using FELs can help to develop the speci-
fications for solid-state coherent sources that produce tun-
able, ultrashort-pulse, high repetition-rate output needed for

future applications in mass spectrometry.

] 1 2 3 4 5 6
Axial Energy (eV)

FIG. 28. Axial kinetic energy distributions of DHB and angiotensin derived _
from the TOF signals in Fig. 27. DHB has a relatively narrow distribution X. PUMP—-PROBE TECHNIQUES
whereas the angiotensin distribution is relatively constant from 0 to 3 eV,FOR PROTEIN DYNAMICS

where it gradually decays to 0 at 6 eV. The broken line represents the energy H ins X . hni .
distribution of mass selected DHB generated by the full FEL macropulse ere in Sec. X we review techniques to carry out time-

(4 us, 1.6 Jicr). resolved pump—probe experiments in the infrared region of
protein absorption. The infrared is viewed in the broad sense,
dN  dN dE dN dN dNdE md dN from 3to }Oo,um. Tir_ne re;olvgd is meant t.o apply to the
—=————=my—— and —=—— — = ——, time domain where direct vibrational relaxation rates can be
dv  dEdv dE dt dedt t° dE observed after excitation up an anharmonic vibrational lad-
(6) der due to an intense burst of “pump” IR photons. This time
wherem is the massd is the distance from the target to the range is typically 0.1-100 ps, times far too fast for many
detectort is the detection time, anBl=mv?/2. Appropriate  infrared detectors. Since these times are so fast, the classical
distribution functions are then used to fit the experimentalway by which to obtain time resolution is via pump—probe
data. techniques, which use optical delay lines to stagger the pump
Figure 28 shows several features observed in the velogulse relative to the probe pulse.
ity distributions produced in this extremely sensitive TOF  There are substantial concerns regarding pump—probe
measuremerlt First, the velocity distributions of the DHB experiments with proteins, however, due to the fact that
matrix ions clearly reveal a fast and a slow component, botlthe sample is typically dissolved in water, a highly absorp-
of which are too energetic to be explained by a thermative liquid in the infrared, and2) proteins have very small
mechanism. The fact that the velocity distribution is alsononlinearity in the infrared region and thus need very large
insensitive to the duration of the pulse, as shown by théntensities to achieve measurable pump—probe sigfals.

dotted line that indicates the DHB ion velocities for the full We will not discuss the biological physics that can be
4 us macropulse, also indicates a nonthermal process #&arned from pump—probe experiments using the far-infrared
work. FEL at UCSB, the midinfrared SCA FEL at Stanford, and

linac-based FEL&/2~"*but, rather, will discuss some experi-
mental methods that have helped to solve the problems faced
when carrying out pump—probe experiments using FELS. In
While the small, inexpensive Naser(337 nmj is ubig-  particular we will discuss how one can use a time-delayed
uitous in commercial MALDI spectrometers, the possibility probe pulsdthe “reference pulsey to decrease the common
of controlling the soft ionization process by appropriatemode power fluctuations that are endemic to FELs and the
choice of the laser wavelength and pulse duration can iproblems associated with sample heating during a FEL mac-
principle open up many new applications. For example, inopulse.
our laboratory we have shown that mass spectrometry OL Differential measurements
organic compounds in waste-storage tanks can be accom-
plished by tuning the FEL to an absorption resonance of a A typical FEL is not an externally seeded or regenera-
nonorganic crystal, NaNQ) already present in the mixture, tively amplified laser, but instead relies on amplified power
thus avoiding the necessity of adding an exogenous matrixfluctuations in the electron beam to seed the subsequent IR
In particular, the increasing interest in imaging massoutput. Not unexpectedly, the output of a FEL is subject to
spectrometry with high spatial resolution—on biochips, inlarge energy fluctuations both within the profile of a single
gels and other separation technologies, and in biologicainacropulse and from macropulse to macropulse. As a rough
tissues—is likely to force reappraisal of the lasers now usedule of thumb, one can expect the fluctuations to be at best on
for MALDI technology. In clinical applications, for example, the order of 10% of the mean. The maximum transmission
a chemical map of tissue or cells that provides the location oEhange one can expect from a protein is at best 1% in a
specific biomolecules is clearly more useful than the maspump—probe experiment, so extensive signal averaging
spectrum at an isolated point. Imaging techniques, howeveclearly is necessary. However, for copper-based linac FELs it
require high pulse repetition frequencies to be useful, with Iis difficult to get repetition rates higher than tens of Hertz so

C. Future prospects
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J RF applied to kmac (3 Ghr)

[Vartance In macropulse Intensity
Probe micropulse Ref micropuise Probe P! Ret pult

Variance [nymacropuise start-up 40 nsec = 25 MHz
] 1

20 nsec delay

\ 40 nsec (25 MHz)

FIG. 29. Basic shape of a macropulse from FELIX. 25 Mhz RF Clock, applied to detector bias

FIG. 31. Use of bias current oscillation to decrease common mode noise.

without some sort of common mode noise rejection tech-
nique deep signal averaging is simply not time efficient. {4 the probe pulse, an@) the spot size at the off-axis focal
Figure 29 shows a schematic of a free electron laser foblane is 50um full width at half maximum(FWHM). This
infrared experiments macropulse. The amplitude of the magy,a¢ accomplished by the use of x felescope in the refer-
ropulse can vary and there can be jitter in the start of theynce heam arm so that the reference spot size is the same as
macropulse from variances in the self-seeding of the IR ifpe prope spot size. All the optical elements are reflecting,
the optical cavity. A way has bee_:n deyised to get around thigng no refractive optics were used anywhere so a He:Ne
problem, and the core of the idea is to optically delay &jaser accurately gave beam overlaps and focal points.
reference pulse so that it falls in between tfmminally Once a comb of probe and reference pulses is obtained,
coincident in tim¢ pump and probe pulses. This referenceit s then necessary to invert and subtract the reference pulse
pulse (in the case of FELIX it is delayed 20 ns since the from the probe pulse to eliminate common mode noise. In
micropulses come every 40)nsas no corresponding pUMP the case of HgCdTe photoconductive liquid nitrogen cooled
pulse, but is identical to the micropulse that preceded itgetectors with bandwidths on the order of 20 MHz, this can
Figure 30 shows a possible configuration that produces gg accomplished by simply inverting the sign of the bias
delayed optical pulse. There are two key aspects of this Opsyrrent for the reference pulse. Then the detector output is
tical layout: (1) the reference pulse is delayed 20 ns relativeg,, pass filtered, typically at a cutoff frequency of 1 MHz.
Figure 31 shows a schematic diagram of how this was ac-

BS2 — complished. Figure 32 shows the dramatic effect of subtract-
Reference ing the reference pulse from the probe pulse using this elec-
tronic scheme. The advantage of this technology is that it
Detector works for any photoconductive detector of sufficiently fast
D bandwidth, even in the far-infraréd.
There are, however, newer ways to achieve high com-
0 \\ mon mode rejection by using the new magnetically poled
\ detectors which offer subnanosecond resolution at wave-
\ lengths out to 12um. These photovoltaic detectors are very
Probe Sampie (12 microns thick) fast and quiet, with detectivity O@*) greater than
1 N 108 cm (Hz2)YYW  (Vigo  Systems  Ltd.,  http://
I S y I / / www.psplc.conmy. Since these detectors are so fast, it is pos-
4 Pump
pump chopper {5 Hz)
2 oF ~ —
N . g -1}
, Pump Delay Line bt
2 -2f
BS1 ./ / Z -3} Ref blocked
&
n ~4r
1 Y i 1 1 i 1 1 ]

-1 0 i 2 3 4 5 6 7
TIME (microseconds)

FELIX Input
FIG. 32. Digitized traces of detector output with and withabeled “Ref

FIG. 30. Basic layout of a pump—probe experimental table with a delayedlocked”) the reference beam with bias properly phased to subtract the
reference pulse. reference pulse from the probe pulse.
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TABLE I. Time constants of thermal relaxation in selected materials.

SO E] i
xaoo:-x-; pump- ’ Cp K r t,
e r‘%f-l pef Material (Jlenv/K) (W/m K) (us) (m9
L A H,O 4.18 0.57 126 50
1.300k-1 CDCly 0.96 0.12 144 58
T, i Cak 2.67 10.0 35 1.4

i BaF, 1.97 11.0 4.4 18
l,!lnl-}";
3.000%" 3"“
«.uuq‘é pump : . )

i | i ; micropulses called a macropulse, and the rate at which these

1.0008- 3 z : . .

i i \‘ 4 ; micropulses occur is between 2 GHz and 25 MHz. Even at
T J mpd Aemed Nl W the lowest repetition rate of 25 MHz that we have used there
A si_ila ita s :is_asa 33s ass_use » . is an accumulation of thermal energy in the focal region due

) ) ) to the finite rate at which heat can diffuse. There are many

$IhG. 33. Time-resolved pulse structure using magnetically poled dewcmrinisconceptions about thermal decay times. A common one is
e probe and reference pulse before a single pump pulse are shown. The ) . )
sample in this case was a silicon wafer, and the pump pulse was a 530 nthat heat is carried away at the speed of sound. This cannot
pulse of visible light. The photogenerated carriers increase the reflectivity obe true except in the case of shock waves, otherwise if you
the silicon. touch a hot object your feet would feel warm in a millisec-
ond. In fact, heat dissipation is a diffusive process and the

sible to easily resolve individual micropulses within the mac-decay times are related to the diffusion times in liquids of
ropulse train. Modern digital scopes such as the Tektronixsolvent molecules. The equation for heat flow yields
3052 offer 5 gigasamples/s, 500 MHz bandwidths, and GPIB o
transfer rates of 100 000 bytes/s kwa 9 bit analog to digital VIT=(Cplr)aTian, @)
converter(ADC) and can be used to capture at 10 Hz pulsewhere C, is the specific heat at constant pressure of the
trains in the detectors. A “digital boxcar” has been devel- material andx is the thermal conductivity. In our experi-
oped at FELIX using the fast signal averaging and fast transments, we have essentially one-dimensional heat flow, since
fer rates of the 3052, the high speed response of the VIG@he sample thicknegd 2 um) is small compared with the IR
detector, and a delayed reference pulse to do very fast boxcheam diamete(50 wm). For analytical simplicity, we assume
averaging ofsingle micropulses, normalized to a reference that the initial jump in temperature caused by the laser is a
pulse to compensate for fluctuations in intensity of the FEL Gaussian distribution like that expected for a TggNdeam.
Figure 33 shows how the pulse train looks in a time-resolvedCooling of the sample is roughly exponential in time, and the
manner for a single pump pulse, pump—probe experimeriime constant for cooling of the sample under these condi-
using this new technology. The reason for doing singletions is
pump—pulse experiments is discussed in Sec. X B. r— chme, ®)

wherelL is the thickness of the sample. Table | gives cooling
times for various materials used in our sample construction,

One of the principal problems in performing biological assuming a 12«tm sample thickness. We have added a col-
IR pump—probe experiments is the fact that the sample ususmn labeled., the time required for the sample to return to
ally must be contained in water that strongly absorbs in IR5% of the original temperature. This time basically sets the
and that large amounts of power are necessary to accomplishaximum repetition rate for which no appreciable rise in
a significant nonlinear response in a protein. We should merntemperature will be observed in steady state.
tion here that the IR absorption of water vapor is also a  Typically a macropulse from a copper linac FEL has a
major problem in IR pump—probe dynamics, but we havemacropulse duration of about 4 ms. Therefore, there is lim-
discussed this previousRand assume that the experimenterited heat dissipation during a macropulse. The heat generated
has gone to great lengths to purge water vapor from all part§om repetitive IR FEL micropulses is accumulated over a
of the IR transport system. In the case of liquid water, themacropulse. With 1uJ energy per micropulse and 20%
absorption length of water at m is 4.6 um,’® so it is  sample absorption, the jump in temperature from a single
necessary to keep the sample thickness tou® or less. micropulse is 2 °C in HO. With over 100 micropulses in
Further, in order to deliver the highest power for a givenone FELIX macropulse, this heat leads to an extremely large
pulse energy it is important to keep the focused area of theise in temperature of about 200°C in,®! This analysis
pump pulse as small as possible. Fifiyn is an achievable shows that sample heating is a serious problem in pump-—
spot size at Gum with high f/number off-axis parabolic op- probe experiments. In order to meastmge signals without
tics. This then means that the illuminated volume is quitecontamination due to sample heating, it is essential to use a
small, on the order of 510 8 cm®. For a micropulse en- small number of micropulses at the beginning of each mac-
ergy of 10uJ, the rise in temperature is 200 K! ropulse.

For 0.1 xJ per micropulse, we observe a more reason-  Another, more subtle, effect is due to the fact that in a
able temperature risef @ K per micropulse. However, at pump-—probe experiment the pump and probe beams are co-
least for copper linac FELs the IR pulses occur in a train ofnerent with one another because they have been split from

B. Energy and power considerations
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The lines are drawn with noise to try to indicate the typical variances in 0 10 15 20
power that occur in a FEL macropulse. The boxcar gates show how pump— DELAY (PICOSECONDS)
probe signals can be extracted at the beginning and end of a macropulse.
FIG. 35. Difference in pump—probe signal between the front and rear of the

N . . . macropulse. Oscillations in the apparent pump—probe signal seen with
the 'mt'a”y coherent |Ight beam coming from the FEL. This movement of the delay line for the rear signal are presumably an artifact of

means that the temperature pattern across the focal regiontig temperature-grating signal.

not uniform but instead is modulated in a sinusoidal manner.

This thermal grating can diffract pump energy into the probe

beam in a constructive or a destructive manner, giving rise tem for the user community with 15—50 ps FWHM pulse at a

oscillations in the apparent response of the sample to thgepetition rate of 8 MHz. The first applications experiments

pump energy which have very little to do with the actual occurred in 1993 with a study of the anisotropy decay of the

picosecond relaxation of the vibrational levels. coenzyme NADH? Anisotropy decay results from perturba-
Itis easiest to see and document all of these purely temtjon of the initial distribution of moments of electronic tran-

perature related phenomena by using a pair of boxcar intesition due to Brownian reorientation and consequently de-

grators timed to look at the pump—probe signal at the begingcripes the rotational dynamics of the system. The goal is to

ning of the macropulse when the sample is “cool” and at theyngerstand the thermodynamical equilibrium of different

end of the macropulse when the sample is thermodynamisgnformational states of the molecule and their hydrody-
cally “hot” due to deposition of energy into the sample. namical volume in solution.

Figure 34 is a schematic of the rise in temperature that can be  afer the first one-color experiment using time-resolved

seen through a macropulse and the placement of boxcar ify,orescence, a transient absorption experiment was devel-

tegrating gates that can be used to extract the cold and h%ed where the system is excited with the UV FEL and is

temperature signals. Technically we should only use the Ieacbrobed by visible-UV absorption using synchrotron

ing signal from the macropulse signal, but it is interesting 10, jiation From microsecond flash photolysis to femtosec-

observe the very strange eﬁ.eCtS that occur as the delay ling, |5ger photolysis, the principle of transient absorption
moves th_e pump pulse relative to the probe pulse: the heag’pectroscopy is based on powerful optical excitation that
grating diffracted signal from the pump pulse is observed t romotes a large fraction of the molecules into the excited
oscillate _in phase relativg to_the probe pulge, resulting i tate, which is then probed by a second white/tunable light
constructlvg a_nd destrqcﬂye interference. Figure 35 show, ource. The transient absorption detection method is particu-
the dramatic difference in signal seen at the front and rear Qarly useful for the study of relaxation dynamics and direct

a macropulse in pump—probe signals. Note that we do no|Eientification of the associated excited states and/or transient

believe these signals to be true picosecond phenomena Sm&Secies via their spectral signature. A novel approach is two-
they do not occur at the cold front of the macropulse, only at hoton spectroscopy based on the combined use of the stor-

the rear. Clearly, single pulse pump/prqbe experiments ar§ge ring FEL and synchrotron radiation to study the elec-
more preferable due to the sample heating problem.

tronic states of various biological chromophores. From the

We hope thatin this review we have highlighted some of eginning of the development of microsecond flash photoly-
the techniques that make pump—probe experiments possible 9 9 P P Y

. . . . 31S, biologists have investigated the chemistry of exogenous
on biological samples, and that discussion of the severe heat- . T :
or endogenous molecules of biological interest at different

nge?({?abgtemetgﬁnrggjt dt;iaucviesritgg&and controlled in Orde{ime scales. These methods allow t_h(_e in_vestiggtio_n of funda-
| mental processes of chemical reactivity in the liquid phase at
new wavelengths and over short time scales. For example,
l):<||_ lfggllglsc@glil%’\ésAlNNDﬂTMRiNRsElsEﬁI'_FVEIESORPTION charge transfefelectrons, protons, radicalsr the relaxation
of structure(isomerization, dissociation and recombination,
USING THE SUPER-ACO FEL torsion, movements of great amplitude, intramolecular
The Super-ACO is a tunable, coherent source in the UMnovementsis involved in significant biological phenomena
based on a storage ring FELIt produces 350 mW at 350 such as photosynthesis, vision, structural modifications of
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FIG. 36. Schematic diagram of the photon counting fluorescence experi- =
ment. A Hamamatsu R1564U-06 microchannel plate photomultiplier was g
used for fluorescence detection, and a fast Hamamatsu S4753 silicon pho-
todiode with homemade amplification was used for synchronization. The
polarization of the incident light is rotated to the vertical direction by a
Fresnel rhomb for detection at 90° in the horizontal plane of independent
componentd; andl , of the fluorescence. The polarized componépiét) )
and|l,,(t) are obtained by orienting the emission polarizer to vertical and ' :
horizontal positions, respectively. The apparatus funai@i® was recorded 2 4 6 8 10 12 14
at the excitation wavelength with a scattering solution of LudgB®Pont Time (ns)

Co) in place of the sample.

Stop

<

FIG. 37. Single photon counting data obtained with the Super-ACO SR
FEL: (A) Total fluorescence decady(t) of NADH at pH 8, 10 °C, \ ¢, 350

. . . . nm, \¢m 460 Nm, and corresponding instrumental functigh); (B) residu-
DNA or proteins, enzymatic reactions, mechanisms of transals obtained from maximum entropy method analysis of the decaf)in

port, and photochemotherapy. (C) autocorrelation of the residuals.

A. Time-resolved fluorescence experiments

The experimental layout of the time-resolved fluores-2%- The oxided form (NAB-) neither absorbs nor emits in

cence experiments is shown in Fig. 36. The sample unddfiS spectral range. o
study is irradiated by a short FEL pulse, and its fluorescence  1he témperature dependence of the measured lifetime
decay F(t) is recorded by measuring the arrival time of distributions of NADH _fluorescer_lce decay is shown in Table
single photons of fluorescence versus a synchronization sidl: The decay is described well in all cases by three to four

nal (Fig. 37. The photons must be selected randomly, notc/€arly separated relaxation processes, only two of which
make a significant contribution to the kineti@28 and 0.62

more than one per excitation pulse, to avoid pile-up effects. - .
For each fluorescence decay curve, about 10 million totarlls)' The temperature dependence of the nonradiative rate is

counts were stored, giving approximately®Itbunts at the described by an Arrhenius law, the frequency factoand

peak (Fig. 37. The counting rate should be maintained atf[he activation energ¥, characterizing the dynamic quench-

approximately 10 kHz for optimum time response. Thus dnd Process. A linear fit, In(k—kg) =In A-E./RT

measurement is completed in approximately half an hourassum'né9 kp=5>10" 5" leads to an activation energy of

The excitation wavelength was 350 nmiX,,.=1 A being 2.6+ (3.3_I§callmol and a f_requency _faf:tor of ﬂ

the linewidth of the FEL emissigrand the emission wave- x 101 s % We observe a shift of the lifetime amplitudes

length was 460 nmA\ =8 nm), selected by a H10 Jobin- fro_m the long to the shor_t component when the temperature

yvon monochromator. |s.|ncr§ea_sed, ar_ld Arrhenlus erendence of both components
NADH (g-nicotinamide adenine dinucleotide reducedw'th §|m|lar actlvat|op energies of about _1.5 kcal/mol. The

form) from Sigma Chemical Co. was studied in ’a 10 mM amplitudesc; of the different components in Table Il can, to

tris-(hydroxymethy}-aminomethane buffer 8, and con- first approximation, be identified as the relat_lve populations
. . . . pH ; of chromophores that have the corresponding fluorescence
tained 0.02% sodium azide as an antibacterial agent. The. - . N .

lifetime, with the equilibrium constant beifg=c,/c,. The

final concentration of NADH in fluorescence measurement%hermod namic parametef8able 1)) governing this equilib-
was 18umol/l, giving an optical density of about 0.1 at 350 fium areyobtaineF(Jj by the linear fit 9 9 q

nm in the 1 cm path of a quartz cuvette. NADH can bind to
a large variety of enzymes, and provide thé léns or elec- AH ( 1) AS

trons for chemical reactions, which are catalyzed by the de- INK=——|z/+ &, 9)
hydrogenase. It constitutes am vitro natural probe of the

active sites of these enzymes. In addition, it is used as aassuming that these parameters are approximately constant in
indicator of the metabolic state of organisms and tissues ithe temperature range studied. These data are in good agree-
imaging techniques. In its reduced form, NADH shows anment with data obtained by other technigfiés.

absorption band at 340 nm and an emission band in the vis- Polarization of the fluorescence depends on the distribu-

ible, centered around 460 nm, with a quantum efficiency otion of moments of the electronic transitions responsible for
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TABLE Il. Fluorescence measurements of NADH performed with the super-ACO FEL.

Temperature cy 71, NS c, 75, NS 73, NS 7, ns

(°C) +1% +0.01 +1% +0.02 Cs +0.2 +0.01 ¥2

10 61% 0.30 38% 0.70 1% 1.7 0.47 1.30
20 68% 0.28 32% 0.62 <0.1% 1.8 0.39 1.20
40 78% 0.24 22% 0.55 <0.01% 2.1 0.31 1.24

Arrhenius fits for different fluorescence decays.

T T2 T
E. 1.4+ 0.3 kcal/mole 1.5+0.1 kcal/mole 2.6:0.3 kcal/mole
A 4+3x100s7t 2+1x100s7? 2+1x10% st

Thermodynamical paramet&r=c, /c, =exp(—AG/RT) with others techniques.

Technique AH (kcal/mole AS (cal/K mole G° "¢ (kcal/mole
Fluorescence -5.0£0.2 —18.5+0.7 +0.1+0.4
NMR (~5.6+0.2) (-17.5+1) (~0.8+0.2) (+0.4+0.1)

the emissions process, which is related to rotational Brownsample, on anX—Y—Z manipulator. The pump beam can
ian motion of the molecules in solution. The decay of anisotthen be moved and focused precisely in the region where the
ropy of a chromophore rigidly attached to a sphere can b@robe beam intersects the sample. This region where the two
described by (t) =r exp(—t/7) wherer, is the static anisot- photon beams intersect is optimized with the signal obtained
ropy related to the angles between the moments associatedlig a charge coupled devid€€CD) camera in steady-state
absorption and to emission anmdbs the relaxation coefficient, operation. The time-resolved experiment was performed at a
which is inversely proportional to the rotational diffusion lower repetition rate, i.e., 83.2 kHz, than the normal one
coefficient of a sphere. The measurements of fluorescend®8.32 MH2 using a Pockel’s cell.
anisotropy decay lead to very fast depolarization of the nico-  Acridine from Prolabo, used without further purification,
tinamide ring, independent of the rest of the NADH mol- was studied. Absorption spectra were recorded using a Cary
ecule. We find an average hydrodynamic volume of 100®10 (Varian Inc) spectrophotometer. Typically, a 0.1 cm or a
+100 A® for NADH, which would correspond to a sphere 1 cm quartz optical cell was used. Its final concentration was
with radius of 6.2 A. This is in good agreement with the 116 uM and 1.6 mM, giving an absorbance of about 0.5 at
volume of a folded configuration (836% given by a van 350 nm and absorbance of about 1 at 363 nm, respectively, in
der Waals model. The spatial conformations deduced arghe 0.1 cm path of a quartz cuvette.
shown in Fig. 38 in folded and open conformations. These  The absolute intensity of a differential transient absorp-
results are in agreement with those obtained from previougion spectrumAA(\,t) is directly proportional to the popu-
nuclear magnetic resonanod®MR) studies of aqueous |ation of the molecule in an excited state. Assuming that the
NAD.®* pump beam interacts only via the transiti®@—S,, the
saturation fluence 5= 1/o,o(\) whereo4o(\) is the ab-
sorption cross section of the ground stéteunits of cnf) at
wavelength\. The pulse fluence of the pump should be of
Figure 39 shows the transient absorption experimentahe same order as the saturation fluence in order to excite a
setup employed at Super-ACO. Control of the spatial overlagarge fraction of the molecules. The FEL power on the
between the pulses is critical. To monitor this, we mounted &ample is limited to a maximum of 100 mW, which corre-
quartz lens, which was used to focus the pump beam onto “’Q)onds to energy of 12 nJ per pulée., 2x 10*° photons/
pulse. The pump beam is focused onto the sample to within
a diameter of~20 um, leading to the possibility of fluence
approximately equal to the saturation fluence. In the simplest
situation, the pump/probe signal observed is proportional to
the population that is not in the ground state. Thus, if the
ground state is the only absorbing state, then the pump/probe
observable is given b(t) =A{P.(t)) whereA is a con-
stant determined by experimental parameters such as the la-
ser intensity and the probability that the system is found in
FIG. 38. Possible conformations of aqueous NADN) Folded form con- the excited statgPe,). If the probe wavelength is in the
structed from minimized fragments of the NADH chemical structure underspectral region of existing absorption of the ground state or
stereochemical rules borrowed from the DNA structuf) Structure  of the stimulated emission, bleaching of the solution may be

adopted by NADH within the active site of lactate dehydrogenase in itSqpysapyed. This was the case in our investigation of acridine.
ternary complex with oxamate, according to the x-ray crystallographic dat

of C. Abad-Zapatero, J. P. Griffith, J. L. Sussman, and M. G. Rossmanﬁrhe change in tran_Sient absorption ShOWf? in_Fig. 40 disp_lays
(1987 J. Mol. Biol. 198 445, entry 1LDM of the Protein Data Bank. decay of the transient at 430 nm. The lifetime of the first

B. Transient absorption experiments
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FIG. 39. Schematic diagram of the transient absorption experif@&it—
undulator; SB5—bending magnet; PD—photodiode; PM—photomultiplier;
BS—bunch signal The UV-SR FEL pump was variably delayed by a
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FIG. 40. Pump/probe data for the acridine in ethanol. The smooth line rep-
resents the fit of the data.

Moreover, this capability will allow operation to the edge of
vacuum UV (200 nm or possibly shortgrwhich will open
an entirely new spectroscopic field for transverse acoustic
(TA) spectroscopy in the nanosecond and subnanosecond re-
gimes. Thanks to the tunability of advanced storage ring
FELSs, it will be possible to study the excited states produced
by UV irradiation of a wide variety of chromophores, indi-
cated in Table Ill. Such photoreactions define the very first
stages of certain processes of cytotoxiéftBesides, the pri-
mary species that result from the excitation of trytophan are
mainly the origin of the photodegradations induced by the
irradiation of proteins. In addition, nonradiative relaxation is
still poorly understood, i.e., specifically how it affects the
intensity and the kinetics of tryptophan fluorescence, which
is used extensively in the study of structural and dynamic
properties of proteing vitro.

The exact photophysical consequences of the excitation
of the peptide bondN.,.=200 nm), present at very strong
concentrations in proteins, are still poorly known. These

computer-controlled translation stage, with accessible delay ranges frormechanisms could be of great importance for the compre-

+4.5 to —3.5 ns(a positive delay corresponds to the UV-SR FEL pump
pulse impinging on the sample before the probe pul$ée white light

emitted by a bending magnet via the SB5 beamline is extracted to genera
a white probe pulse in the 400—700 nm range. Both the pump and prob

hension of complex evolutionary processes such as the aging
gf proteins. Oxidative condensation of catecholamines such

e

beams are focused onto the sample, and cross at a 7° angle in the sampfaBLE |lI. Intrinsic and extrinsic chromophores in biological systems. For

which flows throusp a 1 mmthick quartz cell. The entire white continuum
pulse is sent to an imaging spectromdferinceton Instruments, Inc. model
SpectraPro-750 monochromatoand detected by a thermoelectrically
cooled CCD cameraTE/CCD-1752-PF/UV, chip size: 17%%532) in
steady-state operation or by a photomultiplidamamatsu RS928n time-
resolved operation.

singlet excited state determined by convolution is 1.1
(£0.2) ns. These results are consistent with those of Shapiro

and Wini#? (fluorescence lifetimes of 32550 and 817
+80 ps for excitations at 355 and 396 nm, respectively

C. Future prospects

The energy per pulse of an advanced storage ring FE
such as the one proposed for the French Synchrotron Radi
tion facility SOLEIL will be sufficient(3—10J) to carry out

a list of additional extrinsic chromophoréssed in fluorescengesee, for
example, Ref. 83.

Proteins
Tryptophan, tyrosin(280 nm), peptidic bond(200 nm)
Cystein(200 nm, histidin (230 nm), phenylalanin(250 nm)

Coenzymes and prosthetic systems
NADH, NADPH (350 nm), flavins (450 nm)
Hemes: 400 nm, 550 nm and porphyrins: 500—650 nm
Quinones: 260—-280 nm, retinal: 280 and 500 nm

Pigments and neurotransmitters
Chlorophylles(360, 580, and 800 nmcarotenoidg400—-500 nm
Adrenalin (280 nm), adrenochromé300 and 480 nm

Nucleic acid

L Purins and pyrimiding260 nm, wybutine (310 nm

a- Drugs

Radiosensitizer, psoralens, phenothiazins

quasisaturation of the excited state in the active volume:
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as adrenalin Xq.=280 nm), implied by the formation of the storage ring vacuum chamber is then collimated by a 90°
various forms of melanin, brings into play uncharacterizedoff-axis parabolic mirror {¢z=7.5in.). The collimated syn-
reactive species, which transient absorption spectroscopghrotron radiation is then directed 20 m down the beamline
promises to identify. by a pair of plane steering mirrors. The synchrotron radiation
The nanosecond time scale constitutes a “key” field foris brought out of the beamline vacuum system at the endsta-
comprehension of the primary photophysical processes. Takion through a second Cafwvindow. At this point, the syn-
ing into account the intensity of the electronic transitionschrotron radiation (SR encompasses wavelengths from
So{ —)S;, the intrinsic lifetime of the excited state for these ~450 nm to 9um, limited at long wavelengths by the CaF
chromophores is in general about a few tens of nanosecondgindows.
The various decay processes of this excited state, which are Once at the endstation, Fig. 42, the SR is directed
the starting points of the various photochemical or photothrough a N purged path to the same level as that of the
physical pathways, must thus be on an equal scale or moigptical table by a steering mirror and focused by a 90° off-
rapid than the nanosecond. Thus accessing subnanosecagils parabolic mirror {.z=5.5 in.). The focal point serves as
processes holds the promise of reaching the initial crossroadg, effective point source for a Bruker IFS-66v FTIR spec-
from which the evolution of the excited state will be deter-trometer. We have measured the SR power with FTIR and
mined. compared it to theoretical expectations. Due to the effects of
beam divergence over the 20 m between the collimating mir-
XIl. UV-PUMP, BROADBAND-IR-PROBE ror ant_d the endstatiqn and reflection losses frorr_1 each mi_rror
SPECTROSCOPY and window, approxmqtely 40% qf the-theoretlcally avail-
able synchrotron radiation power is delivered to the FTIR.
The Duke storage ring, OK-4 FEL, is a pulsed source ofusing a collimating mirror with a longer effective focal
coherent UV radiation, tunable from 193 to 400 fiin  length could reduce divergence losses. However, the mirror
addition, the bending magnet downstream of the OK-4 FELcurrently in use has the longeks available in a diamond-
is a source of broadband infrared radiation. Because the sanigrned 90° off-axis paraboloid.
bunch of electrons emits both pulses, the timing between the  The storage ring current and consequently the synchro-
UV and IR pulses is essentially jitter free and the time resotron radiation power decrease exponentially during the
lution attainable is thus limited only by the pulse width. The coyrse of a single injection cycle of the storage ring. This
capability to excite systems with tunable ultraviolet radiationcyeates a drift problem for measuring pump—probe difference
and then probe the relaxation processes throughout the mgbectra, since the low light levels require 5 min of signal
infrared with a time resolution on the order of 100 ps isaveraging to achieve a signal to noise ra@NR) of 1000
unique, and it opens the way to the study of photochemica; ¢  the ability to detect pump-on versus pump-off differ-

a_md photobiolqgical systems not previously .accessible Qnce signals of 0.001 absorbance yniGonsequently, we
time-resolved infrared spectroscopy. A beamline was COMpave installed an electronic shutter to measure the pump-on

missioned to take advantage of these synchronized lighy, pump-off spectra as an interleaved set, thus avoiding
sources, recognizing that the repetition rate of 2.79 MHz i%ntoward consequences of drift in optical pov;/er

ideal for rapid-scan, asynchronous sampfifig. To perform the two-color pump—probe experiment we
A. Synchronized light sources must also deliver the coherent UV output of the OK-4 free-
for two-color, time-resolved spectroscopy electron laser to the sample, as shown in Fig. 42. This is

The OK-4 FEL has been operational since 1996 and iriccomplished by extracting the UV light from its evacuated
1999 water-cooled copper disks were installed in the corner8€am tube that is mounted parallel to the vacuum tube that
of the storage ring with optical flats that extract synchrotronfransmits the infrared radiation. Once the UV-pump pulse
radiation. The acceptance angles for the capture of synchr@/Tives at the optical table, it is directed through a delay line
tron radiation are 57 mrad horizontally and 14 mrad verti-and then focused onto the sample in the FTIR spectrometer.
cally. While the vertical acceptance angle severely restrictyVe can vary the relative arrival times of the UV-pump and
the collection of the far infrared<(500 cni 1), theoretical ~SR-probe pulses at the sample by10 ns, at which the in-
extraction of midinfrared radiation is comparable to that oftensities of the two pulses have been shown to remain con-
beamlines at National Synchrotron Light Source atstant within 5% without any realignment of the optics as the
Brookhaven National Laboratofy. optical path length is varied.

Figure 41 shows the layout for the optical and vacuum A Hamamatsu streak camera was used to measure the
systems to collect infrared synchrotron radiation, where th@ulse width of the synchrotron radiation. The results of this
copper flat reflects radiation downward. A gold-coated planéneasurement show that the SR pulse width increases as
mirror located 20 cm below the flat reflects the synchrotrorsingle-bunch current in the ring is increased, up to 360 ps at
radiation toward a 6 in. diam,f/6 spherical mirror. The 10 mA. When these pulse width measurements are compared
spherical mirror directs the synchrotron radiation back pasto those taken in 1998 over a lower current rarte two
this plane mirror and focuses the light through a Calin-  sets of measurements overlap near 3)nAe pulse widths
dow that separates the ultrahigh vacuum ({0Torr) of the  are now a factor of 2 higher than they were in the Jagty
storage ring from the remainder of the beamlineoptimizing the electron orbit in the ring, this factor of 2
(107 Torr). The synchrotron radiation that emerges fromshould be recovered. The lasing pulse widths of the OK-4
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FIG. 41. Schematic diagram of the broadband IR collection optics of the synchrotron beamline.

will be a factor of~5 smaller than the synchrotron radiation our applications, the broadband IR source probes a sample
pulse widths. material that is resonantly pumped in the UV, as summarized
We have commissioned this pump—probe beamline anth Fig. 43. The IR source can be viewed as a distribution of
performed initial characterization of both light sources.fFourier components. Part A represents an interferogram for a
While the synchrotron radiation power level is only gingle Fourier component, i.e., one first modulated in inten-
~200pW between 2 and um, we have maintained the i 1y the Michelson interferometer, then passing through an
Intrinsic bnghtngss of the SR throughout the'beamllne. Theabsorbing sample onto the detector. Part B represents pertur-
SR pulse width is 200-400 {§WHM) depending upon thee lgation to the probe signal due to repetitively pulsing with the

amount of current stored in the electron bunch. Coher V pump. In part C. a pulsed IR brobe is svnchronized to the
radiation from the OK-4 that is used to excite the samples pump-inp ap P y

has a pulse width 2—8 shorter than the SR and approachesUV pump to interrpgate the relaxation Qf the excited state
5 mW of average power for single-bunch operation of thedue to UV absorption, where the traces in parts A and B are
storage ring. included for reference. Since neither the pump nor the probe
) pulses are synchronized to the scanning of the Michelson

B. Asynchronous sampling interferometer, over time all phases of the modulated inten-
The high intrinsic repetition rate of this storage ring is sity are measured. As shown in part D, the discrete interfero-

compatible with the asynchronous sampling metfbBior  gram of part C has been converted into a continuous inter-

Downloaded 23 Nov 2004 to 129.59.117.225. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



3238 Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Edwards et al.

IR-Probe Pulse tematically varying the delay between the pump and probe,
Vacuum 107 Torr the overall relaxation processes are mapped. In single-bunch
\ mode, the synchrotron radiation pulse repetition rate of the
—— CaF, Window Duke storage ring is 2.7898 MHz, well in excess of that
required for asynchronous sampling FTIR.
UV-Pump Pulse
: * N\ I .
: 7.5
— C. Future prospects
A = ! CaF, As an example of the type of experiments to be per-
o N Lens formed, consider the unanswered questions that surround the
o I /\1 N enzymatic mechanism of DNA photolyase. This protein
% 2 \ binds to UV-induced lesions in DNAspecifically pyrimidine
= dimers and then catalyzes the cleavage of the pyrimidine
8a FTIR LLH] dimers when exposed to blue lightAll evidence points to
§§ the involvement of photoinduced electron transfer in the
= catalytic mechanism. However, time-resolved absorption
o spectroscopy in the UV-visible spectral region has not been

able to identify the nature of the intermediates in this
process® Once the photoexcitation of the bound flavin chro-
N 7 mophore was quenched, an unidentified intermediate arose
within 2 ns of the flashX ,o,=400 nm). The remaining steps
were silent in the visible spectral region. By extending the
accessible spectral range to include the near and mid-IR, the
‘ electron transfer events in this photocycle should no longer
M remain spectrally silent. Vibrational frequencies in the
mid-IR are extremely sensitive to changes in the spatial dis-
tribution of electron density. By simultaneously probing a
broad range of mid-IR frequencies, we will be able to moni-
FIG. 42. Schematic diagram of the endstation for UV-pump, broad bandOr the catalytic involvement of the flavin chromophore, resi-
IR-probe spectroscopy. dues of the enzyme, and the DNA bases of the pyrimidine
dimer. In addition, the time-resolved FTIR spectra will con-

. - ... tain information regarding conformational changes in the
ferogram with a low pass electronic filter. Note the repetition .
. ) rotein and DNA backbones that accompany the photocata-
rate must exceed the highest Fourier frequency by a factor (ﬁ .
. o . . ytic cycle.
2 (40 kHz in our casgto avoid aliasing, a sampling artifact. S . . .
. : : It is instructive to estimate the minimum power neces-
Fourier transforming the sum of the interferograms for all of . o
} . ; sary for the proposed investigation of DNA photolyase. Con-
the Fourier components results in a single-beam spectrum - . .
: . . : o sider an optimized time-resolved pump—probe experiment
which can be put into a ratio against the no-excitation spec- .
trum to generate a differential absorption spectrum. By sys\-/\”th parameters that match the Duke OK-4 FEL and syn-
' chrotron beamline. Using the synchrotron radiation as the
probe with a single electron bunch in the storage rifg,(
A =2.79 MHz), our sensitivity is limited tAAAr ,m,=0.001.
For a strong vibrational band, e.g., an amide or carboxylate,
\/\/\/\ we haves ;g=600 M~ cm™'. If we optimize the optical sys-
tem to provide a diffraction limited spot in the Bruker IFS-
66v sample compartment them=50um. The power re-
B quired decreases as the wavelength increases, so we will
calculate the power necessary at the upper end of the OK-4

tuning range A =400 nm. Furthermore, we will allow the

c P2 I? N sample to absorb all available light. Actual samples will only

\ absorb between 50% and 90% of incident light, and thus
M W >\L]\\E//T - increase power needed. Under these conditions, we find a
threshold power of 109 mW for an excitation wavelength of
400 nm(i.e., 40 nJ per pulse at 2.79 MHZAeveral hundred

A

D '\\ A RN milliwatts on the sample is a judicious target threshold given
“\,\(1,/ ‘ \\ﬁ// \r/,/ N this idealized assessment. One option is to consider an ex-
s . . . .
l i n perimental system with more intense absorption, where

_1 _l . . .
FIG. 43. Asynchronous sampling method for time-resolved FTIR that plots600 M _Cm IS abOL_Jt as st_rpng as V|bra_t|t_)nal bands get.
the intensity as a function of mirror retardation or, equivalently, of time. SeeAlternatively, electronic transitions can exhibit molar absorb-

the text for further explanation. tivities 100< greater. In fact, a HgCdTe semiconductor
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FIG. 44. Block diagram of the monochromatic x-ray source built and currently operating at the W. M. Keck FEL Center at Vanderbilt University. Gun—
electron gun; linac—linear accelerator; IZ—interaction zone; Dump—electron beam dump; the tabletop terawatt laser consists of a pumphiytimium lit
fluoride, stretch/regen, seed, Nd:glass amplifier, and pulse compressor.

served as the experimental system for commissioning of the To that end, a new monochromatic x-ray imaging system
NSLS time-resolved IR beamlirfé. was designed and built. It consists of a rf linac running in
“single pulse” mode, and a tabletop terawatt lag€ig. 44).
This source became operational in April 2001, and is cur-
rently used for applications research in pulsed, tunable,
monochromatic x-ray imaging.

Many individuals have long sought the means to produce
pulsed, tunable, monochromatic x rays at high flux in a ge-
ometry suitable for human imaging, as well as for other pur-A. Monochromatic x-ray source
poses. While “hard” x rays are currently available from sev-
eral sources, they have never before been available from & The accelerator
compact source that allows one to control the spectrum, tim-
ing, and flux of the x rays simultaneously.

Xll. IMAGING WITH PULSED, TUNABLE,
MONOCHROMATIC X RAYS

The electron gun is a copper photocathode, which is il-

The phenomenon of inverse Compton scattering lend uminated by a portion of the seed Iase_r outgriiescribed .
itself well to the production of such a beam. In this process elgvxb t?at h.aslbeSeE Aqéjadrutpleda The l'g ea:[] aczcseé%ra'\\;o; IS
a high-energy electron beam is tightly focused and counter}-na € ol a singie section driven by the £
propagated against a powerful infrared laser beam. The | utput of a standard klystron. Its. energy can be tuneq from
photons scatter off the electrons and are shifted from the | tOfto 50 tl\r/llev.l OTe subperco?ductlng SOI?”?L‘:} m.a?net Its used
to x-ray frequencies in a direction almost collinear with the 0 focus the electron beam to a ok spotat the interaction
direction of travel of the electron beam. Since the Mark-III zone(1Z), which is defined as the point of interaction of the

FEL produces a powerful IR beam and is driven by such arﬁelectron and IR beams.
electron beam, it has shown promise as a vehicle for x-ray
production using the Compton process.

In August 1998, the Mark-IIl FEL at Vanderbilt Univer-
sity successfully produced pulsed, tunable, near- The tabletop terawatt laser consists of a 200 fs Ti:sap-
monochromatic x ray® That experiment yielded fOx-ray  phire seed laser running at 1052 nm which drives a combi-
photons/s, deemed impractical for the uses envisioned. Theation stretcher/regenerative amplifier that produces a train
extreme radiation environment around the FEL, the loss obf pulses stretched to about 1 ns, a Nd:YLF pulse compres-
flux through a mosaic crystal transport system to an upstairsor, and a frequency quadrupler that uses a small portion of
shirtsleeves imaging lab, the inaccessibility of the beamlindight from the amplifier to drive the photocathode of the
components in a thick concrete shielded vault, the low numaccelerator, with the rest of the light from the amplifier de-
ber of photons per pulse, and the downwardly spiraling IRlivered to a multistage Nd:glass final amplifier to deliver
output of the FEL as electron beam parameters were opt20 J of IR light to a pulse compressor and focusing optics.
mized for the monochromatic beamline component of théThese in turn deliver the final 10 J pulse to the IZ. The
x-ray source, all underscored the need for a better, moreurrent repetition rate of the laser is 0.01 Hz, limiting the
compact dedicated system. x-ray pulses to one “burst” each 100 s.

2. The laser
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3. The integrated x-ray source agents, as well as tumor seeking drugs labeled with appro-

ps 10 J pulse of 1052 nm IR light at the 1Z to producé®0 9adolinium containing magnetic resonance imaging contrast

x-ray photons, tunable from 12 to 50 keV with a varying 29€nts could be substituted for iodine containing “dyes.”
bandwidth of 1%—10%, also in 8 ps. The k-edge of iodine is 33 keV, while that of gadolinium is

Alignment of the two beams is accomplished using con-20 keV. The human body is more transparent.to the higher
joined perpendicular screens for serial visualization of the IREN€rgy x-ray beam, but the-edge effect can still be taken
beam and transition radiation from the electron beam. Timadvantage of.
ing and phase adjustments bring the Rayleigh ranges of the
two beams into an overlapping configuration at the 1Z, mak-3. Phase contrast imaging
ing use of a newly developed phase corrector and an optical The x-ray output of the source is easily collimated, mak-
trombone. X-ray output emanates through a beryllium win-ing it useful for the performance of phase contrast imaging.
dow on the end of the vacuum line. No x-ray optics areThis type of imaging takes advantage of the inherent differ-
needed for deflection of the beam unless one desires to focisices in refractive index of various body tissues and of dif-
or deflect the beam for certain experiments. By altering theractive edges at tissue planes. Because the body is made up
energy of the electron beam, the x-ray energy is made turof low atomic number elements, such as hydrogen, oxygen,
able. Focusing the electron beam to a smaller or larger focalarbon, and nitrogen, phase contrast efféatisich are best
spot size will vary the bandwidth. Since the machine is esseen in lowZ elements can offer as much as 100—1000
sentially self-shielded, it does not require the use of a contimes the information than would be derived from such ele-
crete vault and may be run in an occupied room near persofiments solely using the linear attenuation effects of standard

nel not required to wear radiation badges. absorption imaging® This wealth of additional information
offers some rather spectacular enhancements to images of

B. Medical applications animals, tissues, and potentially, it is hoped, humans. Tests

1. Mammography using cancers in whole excised breasts have shown improve-

. R ments in the conspicuity of some of the stellate fibrotic
Tunable, narrow bandwidth x rays can significantly re- . . S
o . Lo tranding around small tumors, making them more visible in
duce the radiation dose delivered to a patient in any type Q .

. . ’ ._the laboratory setting. In other words, the body reacts to
x-ray procedure currently performed. This savings in radla—man tumors by denositing fibrous tissue. which presents a
tion dose can vary by a factor of 2—-50, depending on the y y dep 9 ' P

studv beina performed and the imaging brotocol bein Characteristic starburst pattern in x-ray images. It is expected
used%3 gp ging p Y%hat this novel capability will be added to the clinical setting

An example of the utility of such a beam would be 7 . !
. nce some of the logistics of phase contrast imaging are
tunable, monochromatic x-ray mammography performe 5
orked out®

without breast compression to vyield three-dimensional
volumetric CT images. Such studies would unravel the con- _ o )
fusing overlap in structures now seen in plain film geom-% Time-of-flight imaging
etries. Diagnostic accuracy of this type of mammography  Since imaging fluxes are produced in 10 ps, time-of-
should theoretically rise due to the higher linear attenuatiorlight imaging could be performed with this source. X-ray
characteristics of malignant tissues relative to normal breagthotons that traverse the imaged part without scattering are
structures* An x-ray source, such as that described abovetermed ballistic photons. These produce an image on a de-
can be configured to service a large multiroom mammogratector within picoseconds of the start of imaging. Scattered
phy facility. photons will not reach the detector before several hundred
Images of breast phantoms are currently being madpicoseconds, and can extend into the nanosecond regime. By
with single 8 ps bursts of x rays, since each pulse containgsing a detector that only records x rays for about 100 ps,
more than enough photons to produce a complete image@ne can ignore the delayed scattered photons. This affords
Genetically engineered mice are also being imaged in anne the opportunity of improving the signal-to-noise ratio in
effort to discern the development of tumors of the breast ovean image by six- to ninefold’ Alternatively, one could per-
time and the potential for reversal of these growths usindorm an image with the same S/N ratio with almost one order
new types of drug therapy. The low radiation doses delivere@f magnitude fewer X rays.
using monochromatic x-ray beams allow the performance of
longitudinal biological studies without “frying” the mouse 5. Exceedingly high speed imaging

with the_high radiation doses now needed that utilize poly-  \yphile an exceedingly high speed pulsed beam would be
chromatic beams. extremely useful in imaging rapid mechanical processes such
as nondestructive testing of turbines, or explosive processes

2. K-edge imaging like the study of modes of armor failure with kinetic weap-
K-edge imaging becomes possible with such a tunablens, it can still find medical uses in the areas of small animal
beam as well. By tuning to the binding energy of #ighell  imaging or human imaging. Biological processes are exceed-

electron in a whole host of atoms, one can selectively eningly slow compared to the picosecond structure of the x-ray
hance the visibility of currently used radiographic contrastpulse. However, splitting the beam into a number of beams
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FIG. 45. Schematic diagram of a single pass FEL operating in SASE mode.
The microbunching process that, develops in parallel with the radiation
power is shown in the lower partReproduced with permission from Ref.

104) FIG. 46. Exponential gain and saturation of SASE FELs at wavelengths of
530 and 385 nm. The axis shows the integrated radiated energy andsthe
and directing them through an animal from different direc-axis the distance along the undulator systéReproduced with permission
tions at once opens the door to single pulse 10 ps CT. Thi&om Ref. 100
would allow the study of these creatures without the neces-
sity of anesthesia. Imaging equipment could be simplifiedwavelength\, , the EM field emitted by different electrons
since gating studies to cardiac and respiratory cycles woulas a random relative phase. The incoherent EM waves
no longer be needed. Tunable x rays would also cut the rapropagate through the undulator and interact with the elec-
diation dose needed to carry out these studies, so animajons. The interaction makes the trajectory of electrons with
could be studied repeatedly over time to follow tumOl’larger (smalled energy bend lesémore and the electrons
growth, drug action, or other disease processes. within one radiation wavelength tend to get nearer to each
other. This process produces microbunching of the electrons
at the scale of\,. Electrons bunched within a wavelength
This integrated x-ray source can also be used to perforramit coherent EM radiation, that is, the amplitude of the EM
protein crystallography without the need to take protein crysfie|d is proportional to the number of electrons within the
tals to SynChrOtron facilities. The beam can be focused to amicrobunch and the intensity proportional to the Square Of
exceptionally small spot and, when run in a high averagqne electrons. The larger intensity leads to more microbunch-
power mode at 20 Hz, can deliver a photon flux only one tong. The result is that the EM field keeps gaining energy
two orders of magnitude lower than that typically deliveredfrom the bunched electrons and the radiation intensity (
to the crystal by the synchrotron source. Higher fluxes argjrows exponentially with,~e??‘¢, wherez is the undula-
available at synchrotrons but are frequently not used due t@y |ength. The gain length L) is defined as
damage to the crystals. This device can deliver 8-50 ke .=\ /(4m7v3p), wherep, the dimensionless FEL param-
with little modification at narrow bandwidth, making it pos- eter, is of the order of 0.001 or le¥The radiation intensity
sible to perform standard crystallography, multiwavelengtheyentually reaches saturation which occurs when the
anomalous dispersioMAD), and Laue studies using mul- punched electrons gain energy from the EM field balanced

- 10 15 2 25
Distance (m)

C. Protein crystallography

tiple energies simultaneously. by losing energy to the EM field. The process, called self-
amplified spontaneous emissiti’’is illustrated in Fig. 45.
D. Future prospects To observe the SASE process, a high quality and high bright-

While the current integrated x-ray source has been built
to cover the x-ray spectrum from 12 to 50 keV, it is easily
scalable to higher energies. The addition of a second SLAC
section allows electron beam energies of 50—100 keV, and s
on.

XIV. SASE FELS AND POTENTIAL APPLICATION
TO BIOLOGY

A. Self-amplified spontaneous emission

When an electron bunch traverses an unduléter, a {=—10fs t=0fs t=10fs
periodic magnetic field it emits electromagnetic radiation
(Fig. 45 at wavelength\, =\, (1+ K2/2)/2y2, where\, is FIG. 47. (Color Radiation damage to a lysozyme molecule as a function of

; time. The simulated x-ray FEL intensity wa3012 photong12 keV) per
the undulator perIOd'ymC2 the electron beam energy, aKd 100 nm diam spot with the FWHM of the pulse 10 fs. The images show the

the dimenSionl_ess undulator strength parameter. Sin(_:e _ thRolecule at the beginning, in the middle, and near the end of the x-ray pulse.
electrons are in a bunch much longer than the radiationReproduced with permission from Ref. 1D3.
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FIG. 48. Possible schematic layout for an experiment for imaging single biomolecules using x-ray FELs.

ness electron beam is required. With the development of phalready been proposed worldwide including the Linac Coher-
tocathode radio-frequency electron guns and long, high quaknt Light Source at the Stanford Linear Accelerator Center
ity undulators, SASE FELs operating at infrared, visible, andand TESLA at DESY%*'%Due to the extremely high flux
ultraviolet wavelengths were experimentally observed in theand ultrashort pulses, x-ray FELs conceivably will open
late 1990s°° More recently, a group at Argonne National many new opportunities in biology and biomedical sciences.
Laboratory has demonstrated the exponential gain and satirere we jllustrated one important application, i.e., the poten-
ration of SASE Flliol_ls at wavelengths of 530 and 385 NMyq) for imaging single biomolecules using x-ray FELs. Cur-
(shown in Fig. 46 and a group at Deutsche Elekironen oy ray crystallography is the primary methodology by

Synchrotron (DESY), operating the TESLA test facility hi ; : ;
ch to determine the three-dimensioridD) structure of
SASE FEL, has obtained exponential gain down to 80 an ! I I lor@b) structy

the shortest wavelength obtained up to now for a REL protein molecules at near-atomic or atomic resolution, which

requires obtaining sizable good quality protein crystals.
However, somewhere around 20%-40% of protein mol-
ecules including most of the important membrane proteins
The demonstration of SASE FELs at visible and ultra-are difficult or impossible to crystallize. One possible way to
violet wavelengths paves the way for future x-ray FELsovercome the crystallization difficulty is to extend x-ray
based on the SASE process. Tunable hard x-ray FELs hawrystallography to noncrystals, which has recently been dem-

B. Future prospects

(a) b
FIG. 49. (Colon (a) One section of a 3D diffraction pattern processed frorfi itiéntical copies of rubisco molecules with Poisson noise added 2@l 3
X 3 center pixel intensity removed. The edge of the diffraction pattern corresponds to 2.5 A res@iittereoview of the reconstructed 3D electron density

map of the rubisco moleculeontoured at ) on which an atomic model obtained from the Protein Data Bank is superimgé&satoduced with permission
from Ref. 110)
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onstrated by combining the coherent diffraction and the overmanageable, they are low enough to limit the confounding
sampling phasing methdd® This novel approach can in effects of sample heating.

principle be applied to imaging single biomolecules, butim- ~ The THz-BRIDGE project currently supported by the
poses very high radiation damage to biomolecules due to thEuropean Union includes the development of compact FEL
loss of crystallinity. With the prospects for x-ray FELSs, the technology operating in the TH@#ar-infrared range. The
radiation damage problem may be circumvented. Theoreticajoals for applications of these THz sources include biologi-
simulations show that, within about 10 fs, biomolecules carcal and diagnostic biomedical imagift.

withstand x-ray intensity of~3.8x 10° photons/& with A source for pulsed, tunable, monochromatic x-rays pro-
minimal structural chang@s shown in Fig. 47*%In acom-  duced by inverse Compton scattering is now operational,
bination of x-ray FELs and the novel approach of imaginghaving benefited from a proof-of-principle demonstration us-
noncrystalline specimens, a possible experimental setup iag the midinfrared Mark-111 FEL. This source should enable
outlined here, shown in Fig. 48. X-ray FEL pulses will first novel protocols in medical imaging as well as serve as a
be focused downward to a 100 nm spot by a Fresnel zoneompact source for studies of time-resolved structural biol-
plate!?” Using a mass spectrometer, identical biomolecule®gy. Furthermore, the next generation SASE light source
can be selected and sprayed one by one in random orientpromises extremely high flux and ultrashort pulses and con-
tion into the focused spdf® Before scattering by a focused ceivably will open many new opportunities in biological and
x-ray FEL pulse, each molecule will be orientated by a po-biomedical science.

larized nonresonant optical laser fiéhd.The diffraction pat-

terns will k_)e recor_ded by an x-ray CQD with fast read_ou_t. ', Motz et al, J. Appl. Phys24, 826 (1953: J. M. J. Madeyibid. 42

The experiment wil be_ carried outin h|gh vacuum to elimi- 1906 (1971; V. L. Gprgr}atst)éifet’al., Appl. Phys. Lett30, 384y(’197-7). ’
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