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Abstract 

Assembling a productive user facility around a Free Electron Laser (FEL) is a complex task. 
Reliable operation of the FEL is a necessary, but by no means sufficient, condition to ensure 
that the center will be able to attract and keep the interest of first rate researchers. Some other 
issues which are important include: center wavelength stability and ease of tuning, bandwidth 
control, amplitude and position stability, ability to select arbitrary sequences of micropulses, 
and real time availability of information of the FEL's important parameters (spectral width, 
center wavelength, micropulse length and energy, etc.). In addition, at the Stanford Center we 
have found that providing additional systems (conventional picosecond lasers synchronized to 
the FEL, an FTIR spectrometer, a confocal microscope,...) has been important. 
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Introduction 

The Free Electron Laser (FEL), first developed almost twenty years ago1, is capable of 
delivering high power picosecond optical pulses at very high repetition rates and with broad 
tunability in the infrared. These capabilities, largely unmatched by conventional lasers, have 
lead to extensive proposals for FEL use in a wide range of experiments and applications2'3'4^. 
However, the relative expense and technical difficulties associated with FELs has limited the 
community to which they have been available. The Stanford Picosecond Free Electron Laser 
Center has been established as part of the U.S. Medical Free Electron Laser (MFEL) program 
to enlarge this community by promoting biomedical and materials research with the FEL. 

Issues associated with utilizing the FEL as a tool for serious scientific research will be 
discussed in the following sections. These include reliable operation of the FEL, stability of its 
operating characteristics, flexibility and ease of control of its parameters, and availability of 
complementary experimental facilities. 
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FEL Operation 
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The basic configuration of 
a linear accelerator based 
FEL oscillator is given in 
Fig 1. Fundamentally, it 
consists of two mirrors 
forming an optical 
resonator, and an electron 
beam which is co-linear 
with the optical beam inside 
a 'wiggler'. The wiggler is a 
device which produces a 
spatially periodic magnetic 
field transverse to the 

Fig 1. Basic configuration of an FEL oscillator. The mirror spacing given is 
appropriate for the FEL at the Stanford Picosecond FEL Center. 

electron's direction of motion. The interaction between the electron beam and the optical beam 
inside the wiggler leads to gain6'7'8-9, and to oscillation if the gain exceeds the optical 
resonator losses. 

The wavelength of oscillation is determined by the 
energy of the electron beam, by the spatial period of 
the wiggler, and by the strength of the magnetic field 
in the wiggler. A straightforward explanation is that 
radiation emitted by an electron traveling through 
the wiggler has the same wavelength as the wiggler 
period, but greatly Doppler shifted (as shown in Fig. 
2) since the electron is traveling at nearly the speed 
of light. The operating wavelength is given by: 

Wavelength of Emitted Radiation 

X - • 

2y 
•[l + al) ,where 

feBX 
a.. = Fig 2. Snapshot of wavefronts emitted by a 

ielativistic electron as it oscillates down a 
wiggler. Since the electron is traveling at nearly 
the speed of light, the radiation in the forward 
direction is Doppler shifted. 

2nm„c ) 
< o / raw 

In this equation, Y=(l+E/m0c
2) is the usual Lorentz 

factor, E is the kinetic energy of the electrons, and 
B0 and X.q are the amplitude and period of the 
wiggler field. The term containing aw is a result of the fact that the forward velocity of the 
electrons decreases as the strength of the transverse field increases. In a typical wiggler, aw~l, 
and Xq~2 cm. Thus, operation at a wavelength of 2 um requires energies of the order of 
50 MeV. Longer wavelengths require less energy. 

The flexibility of an FEL comes from the fact that it gets its power and characteristics directly 
from an electron beam. Its temporal structure, its power output, and its wavelength are all 
controlled by the electron beam, and the electron beam can be precisely controlled through the 
sophisticated techniques developed for particle accelerators. Thus, the characteristics of the 
FELs optical beam can also be controlled. 
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The electron beam which powers the Center's FELs is provided by a Superconducting Linear 
Accelerator10 (SCA). The accelerator produces a train of electron bunches which are 
adjustable in length from about one to three picoseconds, separated by 84.6 ns. These electron 
bunches, called micropulses, repeat within a longer time interval, called a macropulse. The 
macropulse can be adjusted from a few hundreds of microseconds to many milliseconds, and 
can repeat at nearly any frequency, limited by a maximum duty factor which depends on 
energy. A common mode of operation would consist of five millisecond macropulses, repeating 
at 10 Hertz. 

Reliability of Operation 

Reliable operation of an FEL is of paramount importance in attracting high quality researchers 
to the Center. It is true that the FEL's characteristics enable researchers to study systems which 
are otherwise inaccessible, and this does provide some understanding and patience from 
experimenters when faced with an complex system which can occasionally be temperamental. 
On the other hand, an researcher will quickly loose interest, and move on to other things if 
frequently disappointed. 

The Stanford Center's operating experience 
during 1993 is summarized in Table 1. The 
FEL operated for three runs, each lasting 4 
to 5 weeks, 24 hours a day. The operating 
wavelength ranged from 3 u,m to 6 ujn, as 
requested by the experimenters. It is 
important to note that 1500 hours of FEL 
time had been promised to users during 
this period, 1500 hours were actually 
delivered. Based on this favorable 
experience, 1500 hours are planned again 
this year. 

Table 1: STANFORD PS FEL CENTER 
1993 Run Summary 

Start-up and Maintenance Time 
Experimental Shift Time 
System development 
FEL a nd Accelerator Science 
Solid State and Surface Science 
Molecular Materials and Chemistry 
Bio-Medical Science 
Total Run Time 
Yield 

845 hours 
1,542 hours 

225 hours 
365 hours 
447 hours 
286 hours 
219 hours 

2,387 hours 
65% 

Table 1 also indicates the distribution of the FEL beam time among various classes of 
experiments. Note in particular that more than 40% of the beam time was provided to 
investigators who are not directly associated with the Stanford MFEL Center. 
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F E L Character is t ics 

Table 2 shows the range of FEL characteristics available for experimenters this last year, and it 
also indicaies the additional wavelength range to be covered when two additional wigglers are 
fully functional. 

The center wavelength of the FEL is 
actively stabilized11 to about 0.01% at 
4 (.im, and is under direct control of the 
individual experimenters. Control is 
accomplished by a system shown 
schematically in Fig 3. Some of the FEL 
output is directed through a dedicated 
spectrometer and onto a position 
sensitive detector. The output of the 
detector is proportional to any deviation 
from the desired wavelength, and is then 
used to provide negative feedback by 
controlling the energy of the Iinac. Control can be provided at frequencies up to about 
lKHz. 

^able 2: FEL Characteristics 
Wavelength Range (Aug. 1993) 

(Spring 1994) 
(Summer 1994) 

Center Wavelength Stability 
Micropulse Length 
Micropulse Separation 
Energy per Micropulse 
Macropulse Length 
Macropulse Rep Rate 

2-7 um 

2-15 (xm 
2-100 urn 

0.01 % @ 4u. 
1-8 ps 

84.6 ns 
~ l u J 

0-10 ms 
0-120 Hz 
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Fig 3. Block diagram of active FTf L wavelength 
stabilization system. 

Acousto-optic and electro-optic modulators 
allow single and multiple micropulse 
selection for any of the experimental areas. 
Any desired set of micropulses from the FEL 
pulse train described earlier (84.6 ns 
separation between micropulses) can be 
delivered. In addition, an acousto-optic 
modulator has been configured as a 'noise-
eater', to stabilize the power delivered to the 
experimental areas. The noise-eater reduces 
the 10% power fluctuations from the FEL 
by an order of magnitude. 

User Control and Diagnostics 

Since the various operating parameters of the FEL can vary over such a wide range, 
researchers using the FEL beam need to know that the specific values which they need for a 
particular experiment are set and are being held constant. At the Stanford Center, a fraction of 
the light generated by the FEL is constantly being monitored in an area reserved for optical 
diagnostics. The remainder of the beam is delivered to the experimenters. 
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Equipment in the diagnostic area measures the FEL's center wavelength, its optical spectrum, 
the micropulse length and energy, and the pointing stability of the beam in x, x\ y, and y'. At 
the present time the spectrum and the micropulse are measured by scanning a mechanical 
element, and therefore are averaged over many seconds. Systems are under development which 
will provide the data on a micropulse by micropulse basis. The pointing measurements are 
made with a arrangement of quadrature detectors and lenses providing the location of the 
centroid of the beam in transverse phase space. 

The data taking and presentation are controlled by PC clones running LabView, published by 
National Instruments. The information is displayed on repeater screens at every experimental 
station so that the researchers can monitor the state of the FEL, and verify that the desired 
conditions are present. Figs. 4 and 5 are black and white reproductions of the data displayed to 
experimenters while the FEL was in two significantly different states. In Fig 4, the FEL was 
operating with an extremely short micropulse (0.67 ps) at 4.11 \im. In Fig 5 the FEL was 
operating at 5.04 mm, with the micropulse lengthened to nearly 2.04 ps, to narrow the 
spectral width. The spectral curve is drawn by connecting discrete data points with straight 
lines. The autocorrelation curve is a 
best fit gaussian to the data. The 
'Power' display should read in arbitrary 
units, as the detector is wavelength 
sensitive, and a correction has not yet 
been included in the program. Several 
features need to be discussed. 

First, note that the spectral width and 
the micropulse length are nearly 
transform limited in both cases. (At 
4.11 u,m, the spectral FWHM is 39 nm, 
or 690 GHz (23 cm"1). The product 
AfAt is 0.46, which compares favorably 
with the limiting value of 0.44. The 
product for the 5.04 (im example is 
0.51.) Although this near ideal quality 
is routinely achieved in FELs, and is 
frequently exploited by the 
experimenters, it must be stressed that 
an FEL is quite capable of operating 
with a much more complex 
longitudinal behavior, in which a 
micropulse can contain several 
frequencies with a corresponding 
complicated temporal profile. The 
importance of the spectral diagnostic 
system for continuously monitoring 
FEL should be clear. 
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Fig 4. Data presented to researchers with the FEL operating 
at 4.11 urn with a 670 fs micropulse. 

Fig 5. Data displayed with the FEL operating at 5.04 nm, 
with a 2 ps micropulsc. 
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Second, the pointing data show as two clusters often dots each in the Figures. (In the actual 
display the dots are distinguished by color). One cluster represents the x,y position of the beam 
as a function of time. The other represents x',y'. Every few minutes the oldest dot is replaced 
with one representing the current position of the beam. The scale is approximately 100 ^m on 
a side for x-y, and 100 (Aradians for x'-y'. Our experience is that even though the FEL is located 
nearly 100 m from the experimental areas, it takes many hours for the clusters to drift 
perceptibly. 

Although it is not necessarily obvious from the figures, the display provides researchers with 
direct control of the operating wavelength of the Center's FEL. This is because the wavelength 
shown on the display is actually an input from the experimenters, using either a mouse or a 
keyboard. This value sets the wavelength controlling spectrometer (discussed above, and 
shown in Fig 3), and as long as the new value is within several percent of an "optimized" value, 
the FEL will follow it. 

A recent experiment performed with the Center's FEL 
will serve as an example of the tunability of the FEL, and 
of the importance of allowing the experimenters to select 
precisely the wavelengths of interest to them. The 
experiment12'13 was a study of second harmonic 
generation in an asymmetric quantum well (QW) 
designed to be doubly resonant at about 4 urn. Table 3 is 
a list of nearly 70 distinct wavelengths between 3.7 \im 
and 6.7 um which were used over the course of a few 
days of collecting their data! One reason for the large 
number of wavelengths is that they were looking for 
specific features, such as that shown in Fig 6. The figure 
shows the second harmonic power from the sample at 
3.84, 3.85, and 3.86 \im, as a function of rotation angle 
between the polarized FEL beam and the symmetry axis 
of the GaAs substrate on which the QWs were grown. 
The phase of second harmonic generated by the substrate 
has an angular dependence, while that from the QW does 
not, and the beating between the two is evident in the 
figure. Also evident in the figure, and of even more 
interest, is the fact that the phase of the second harmonic 
generated by the QW is strongly wavelength dependent 
and reverses sign at 3.85 (Am. The search for this phase 
reversal was a key element in the research plans of these 
experimenters. Since they were able to monitor their 
apparatus and change the FEL's wavelength 
simultaneously, the search went fairly smoothly. If it had 
been necessary to change wavelengths through an 
intermediary, such as an official FEL operator, the search 
would have been substantially more difficult. 

Table 3: Wavelengths used in 
quantum well experiment 

Sample 
#3054 

4 \xm bam 
3.70 
3.71 
3.73 
3.76 
3.80 
3.83 
3.84 
3.85 
3.86 
3.87 

3.90 
3.91 
3.92 
3.93 
3.94 
3.97 
4.00 
4.02 
4.03 
4.04 
4.05 

4.06 
4.08 
4.09 
4.10 
4.11 
4.12 
4.14 
4.16 
4.18 

5 urn bant 

4.40 
4.43 
4.45 
4.50 
4.55 
4.67 
4.75 
4.80 
4.90 
4.95 

5.06 
5.10 
5.14 
5.15 
5.20 
5.25 
5.33 
5.40 
5.49 

6 urn banc 

5.50 
5.60 
5.67 
5.70 
5.80 
5.84 
6.01 
6.30 
6.66 

Sample 
#2753 

5 iim banc 

4.87 
5.01 
5.06 
5.08 
5.10 
5.14 
5.33 
5.40 

6 iim banc 

5.60 
5.63 
5.63 
5.67 
5.70 
5.80 
5.84 
5.91 
6.00 
6.13 
6.20 

6.30 
6.38 
6.46 
6.66 
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Additional Center Facilities and Equipment 

The center currently has eight experimental areas, each with an 8' by 10' optical bench, to 
which the FEL beam(s) can be delivered. Some of these areas are devoted to permanent 
installations of a specific nature, such as a 
pump-probe or photon-echo apparatus, 
harmonic generation equipment, a multi-
beam microscope, aThSapphire laser and a 
dye laser which are synchronized with the 
FEL for two color experiments. The other 
areas can be configured for specific 
experiments. 

Each experimental area is equipped with 
a computer and analog oscilloscope, and 
several digital and high speed 
oscilloscopes are available on a floating 
basis. A modest pool of specialized 
equipment, such as a spectrum analyzer, 
a frequency synthesizer, a gated 
integrator, a lock-in amplifier, etc., is 
available in the event of a sudden need. 

In order to make optimum use of the 
FEL's unique capabilities, the Center has 
a number of additional facilities14. These 
include a Spectra-Physics Tsunami 
Ti:Sapphire laser tunable from 700 nm to 
1000 nm, and a Nd:YLF pumped, cavity 
dumped, dye laser tunable from 575 nm 
to 700 nm. 
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Fig 6. Second harmonic power generated by the quantum 
well and the substrate as a function of angle and 
wavelength. Note the relative phase reversal of the quantum 
well component between 3.84 um and 3.86 nm, and the 
zero at 3.85 um. 

The Ti:Sapphire laser produces 80 fs, 13 
nJ pulses, while the dye laser produces 
10 ps, 75 nJ pulses. Both lasers are 
synchronized with the FEL micropulses, 
allowing two-color experiments throughout the visible and near infrared spectrum. When the 
FEL is not in operation, each can be used for stand-alone experiments. 

The center also has a Bruker IFS-113v Fourier Transform Infrared Spectrometer (FTIR), 
installed in collaboration with Fisk University. This instrument has a useful spectral range 
from 5000 cm"1 to 10 cm"1, and a resolution of 0.03 cm"1. A 4.2 K Janis helium cryostst is 
installed in one channel of the spectrometer. The FEL beam can be delivered through a 3/4 
meter monochromator to provide very narrow spectral width sample illumination. 
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