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A superconducting accelerator-pumped free-electron laser (SCA/FEL) is used to perform photon echo experi-
ments on a near-IR dye molecule in a polymeric glass. The SCA/FEL produces Fourier-transform-limited
picosecond pulses at a repetition rate of 11.8 MHz. Its wavelength is continuously tunable. The experiments
are conducted at 0.776 Am by doubling the output of the SCA/FEL tuned to 1.55 Aum. At this wavelength, the
SCA/FEL is operated in a burst mode. The duration of the bursts (macropulses) is 2 ms with a repetition rate
of 10 Hz. Each individual pulse (micropulse) has a length of 3.2 ps and is approximately 1 J in energy. In the
experiment a number of single micropulses are selected from each macropulse. The doubling, stabilization,
synchronization, single-pulse selection, and detection electronics are described. These are the first photon
echo experiments and, to our knowledge, the first optical coherence experiments performed using a free-
electron laser as a source.

INTRODUCTION

The Stanford Free-Electron Laser provides unique oppor-
tunities for investigating the properties of condensed-
matter systems. The superconducting accelerator-
pumped free-electron laser (SCA/FEL) has the potential
to obtain information of fundamental importance on a
wide variety of materials such as high-temperature super-
conductors, semiconductors (including amorphous materi-
als and multiquantum wells), inorganic and organic
crystals and glasses, biological materials such as proteins
and DNA, surfaces, polymeric solids, and liquids. It is the
distinctive operating characteristics of the SCA/FEL,
which provides single, high-powered, picosecond pulses
tunable across the IR spectrum, that make it possible to
probe matter with methods that have not been readily
available previously.

The IR spectrum, which is not easily accessible with
picosecond pulses, is extremely useful for understanding
the properties of condensed-matter systems. Visible and
UV light correspond to frequencies that are resonant with
high-energy states of systems, i.e., electronic states of
atoms and molecules. The IR, however, corresponds to
the relatively low-energy states of molecular and atomic
systems, e.g., the vibrational states of small and large
molecules, polymers, and proteins, as well as the band
gaps in novel semiconductors and multi-quantum-well
structures and the pair energy gap in high-temperature
superconductors. Thus the SCA/FEL, which is capable of
producing continuously tunable picosecond pulses across
the IR spectrum, can open new areas of materials research
for study.

Many modern picosecond optical experiments use non-
linear techniques. The requirements of ultrafast nonlin-
ear experiments place extreme demands on the laser

source. In this paper we describe the first photon echo
experiments 2 conducted with a free-electron laser (FEL)
and, to our knowledge, the first optical coherence (four-
wave mixing) experiments of any type to employ a FEL.
Experiments conducted with FEL's to date involve some
form of absorption technique3 5 or simple third-harmonic-
generation measurements. 6 In comparison with these,
the photon echo experiment is demanding. It requires
precise control of the timing between pulses, the wave
vector of the pulses, and the spot size of the pulses. It is
necessary to select a limited number of single micropulses
from each SCA/FEL macropulse. In addition, the experi-
ments were performed with the second harmonic of
the SCA/FEL operating wavelength. This means that
the signal depended on the sixth power of the SCA/FEL
intensity, which places a severe requirement on the
SCA/FEL intensity stability.

The photon echo experiments examined the molecule
1,1',3,3,3',3'-hexamethylindotricarbocyanine iodide
(HITCI) in a polymeric glass, PMMA [poly(methyl
methacrylate)]. HITCI is a large organic molecule that
absorbs in the near IR [see inset Fig. 4(b)]. It has an
extended conjugated ir-electron system. Previously,
smaller, more compact molecules have been studied in a
variety of glasses,7' 0 including PMMA." The important
questions in these experiments center on how the struc-
ture of a molecule influences its intermolecular interac-
tions and dynamics in a glassy medium.

SCA/FEL CHARACTERISTICS

The SCA/FEL is located in a tunnel 9 m (30 ft) below
the Hansen Experimental Physics Laboratory (HEPL) at
Stanford University. A schematic is shown in Fig. 1. The
FEL is pumped by a train of short (3 ps) pulses of electrons
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Experimental Room

Fig. 1. Schematic of the SCA/FEL.

(micropulses) produced by a superconducting rf linear
accelerator. The repetition rate of the electron micro-
pulses is 11.8 MHz (84.6-ns separation), phase locked to
the 1.3-GHz operating frequency of the linac. The energy
of the electrons is continuously variable from 20 to
180 MeV. A complete train of micropulses is referred to
as a macropulse. The maximum duration of a macropulse
varies with the electron energy, ranging from arbitrarily
long at energies below approximately 30 MeV to approxi-
mately 1 ms (at a 10-Hz repetition rate) at the highest
energies. At present, the average electron current during
a macropulse is 200 ,.A, but system upgrades are expected
to increase the average current to approximately 1 mA in
the near future.

Because the accelerating rf cavities in the linac are
superconducting, time constants associated with undesir-
able changes in the parameters of the electron beam are
relatively slow (of the order of 0.1 ms). As a consequence,
straightforward feedback techniques can be employed to
stabilize the electron beam and the FEL that it pumps.
Such stabilization is far more difficult in accelerators uti-
lizing normal conducting cavities, which have much faster
time constants (of the order of 1 ,us). The exceptional sta-
bility of the optical beam produced by the SCA/FEL is a
direct consequence of the feedback stabilization used.

The SCA/FEL is run in a synchronously pumped mode-
locked fashion. The length of the laser cavity is chosen to
be 12.7 m so that the round-trip time (84.6 ns) of the opti-
cal pulses matches the repetition rate of the electron mi-
cropulses. The cavity is symmetric and uses dielectric
mirrors with 8-m curvatures. The end mirror is a high
reflector, while the output coupling mirror has a trans-
mission of approximately 1%.

For this experiment the SCA/FEL was operated at
a wavelength of 1.55 gm, requiring an electron beam en-
ergy of 66 MeV. A macropulse duration of 2 ms was used,
at a repetition rate of 10 Hz. Under these conditions the
SCA/FEL was capable of delivering an average power
(during the macropulse) of 12 W to the experiment. This
corresponds to an optical micropulse energy of 1 ,uJ
(12 W/11.8 MHz).

The optical beam is delivered from the tunnel to the
experimental rooms at the ground level by an 80-m-long
achromatic optical transport system (see Fig. 1). The effi-
ciency of the transport system is approximately 60%.

The optical pulse length is measured with a modified
Spectra-Physics autocorrelator synchronized to the optical
macropulse timing. A 1-mm-thick lithium iodate crystal
is used to generate the autocorrelation signal. As shown
in Fig. 2(b), the autocorrelation signal is well fit by a Gaus-
sian with a FWHM of 3.2 ps. The signal is produced by
a single macropulse and recorded by a 12-bit analog-
to-digital converter interface with an AT/PC computer.
The spectra of both the individual pulses (optical mi-
cropulses) and the bursts (optical macropulses) are mea-
sured with a monochromator and an array detector
[Fig. 2(a)]. The spectra are near Gaussian and, when fit
with Gaussian functions, have FWHM of 4.5 cm-' and
5 cm-', respectively. Thus the duration-bandwidth
product of an individual pulse is 0.46, as compared with
the theoretical value for a transform-limited Gaussian
pulse (0.44). The difference between the micropulse and
macropulse spectra gives a measure of the laser frequency
jitter. From these measurements we find that the
micropulse is Fourier transform limited with a peak
power -0.3 MW (1 ,uJ/3.2 ps).
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Fig. 2. (a) Comparison between the spectrum of a single optical
micropulse and that of a 3-ms optical macropulse consisting of
35000 individual micropulses. The FWHM of the micropulse
spectrum is 0.069% of the center wavelength, while that of the
macropulse spectrum is 0.077. (b) Autocorrelation signal of the
SCA/FEL pulses. A Gaussian pulse of width 3.2 ps (FWHM) fits
the data.
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Fig. 3. Schematic of experimental setup: AOM's, acousto-optic
modulators; DBS, dichroic beam splitter; QD, quad detector; BS's,
beam splitters; PD's, photodiodes; PMT, photomultiplier tube;
AMP's, transimpedance amplifiers.

PHOTON ECHO EXPERIMENTAL SETUP
Figure 3 shows a schematic of the photon echo experimen-
tal setup. The FEL beam is brought onto the experimen-
tal table by the transport system. The beam is collimated
to a diameter (intensity) of -2 mm by a telescope. A
10 x 10 x 20 mm3 lithium iodate (LiIO3) crystal is used
to double the laser beam to the experimental wavelength
of 0.776 m, on the red side of the broad absorption band
of the S0-S, transition of the dye/glass system. The crys-
tal is cut for fundamental wavelengths of 1.4-1.8 ,um (220).
To reduce the walk-off effect, a pair of cylindrical lenses
(f = 10 cm) are used to focus and recollimate the beam.
With a single-pulse energy of 0.5 J at 1.55 Am, the sec-
ond harmonic at 0.776,um is 100-120 nJ; i.e., the doubling
efficiency is 20-25%.

The intensity fluctuation of the fundamental beam is
approximately 10%. After the frequency doubling, the
fluctuation is increased to 20%. An acousto-optical modu-
lator (AOM) (Intraction 40) driven by a feedback circuit is
used to stabilize the laser intensity to within 1%. The
AOM is inserted into the optical path after the doubling
crystal. The transmitted beam is monitored by a silicon
p-i-n photodiode. The signal is amplified by a current
amplifier (LF 356, transimpedance gain = 10 k) and
then sent into a feedback circuit. The circuit is composed
of a single operational amplifier (LM 318). The response
time of the whole system is 10 /is. Because of the small
bandwidth of the fluctuation (<10 kIiz), this relatively
slow response time is quite sufficient. This is in contrast
to dye lasers, whose characteristic high-frequency noise
(>1 MHz) often makes stabilization a formidable task.

A pick-off beam is focused and passed through a pinhole
and then detected by a quad detector (United Detector
PIN-SPOT9D). This assembly permits us to monitor the
beam alignment constantly and rapidly realign the system
when necessary.

A second AOM (Crystal Technology 3200) is used to se-
lect single pulses from the macropulses. Because of the
slow micropulse repetition rate (11.8 MHz), this is readily
achieved with a rise time of 20 ns. The number of pulses
selected from a macropulse is continuously variable
through an independent clock synchronized with the mi-
cropulse repetition rate by a flip-flop. In this experiment
the number was limited by sample heating. Eight pulses
in 2 ms, which corresponds to an experimental repetition
rate of 4 kHz, was the maximum number that did not per-
turb the experimental results.

The second AOM (pulse selector) also provides addi-
tional control of the intensity stability of the beam. The
first AOM can only stabilize when the intensity is above
the set point. The resulting FEL beam is stable except
for occasional dropouts. A window circuit (LM 319) is
used to control the second AOM so that it will not deflect
the single pulse if the intensity falls below a preset level.
Thus, only pulses within a narrow intensity distribution
reach the sample.

After the single-pulse selection, the beam is split to pass
through two different optical paths. The length of one of
the paths is variable by a computer-controlled stepper mo-
tor delay line. The two beams are then focused gently
(f = 30 cm) and crossed at a small angle (1°) in the
sample held in a liquid-He Dewar. A He-Ne laser beam
made collinear with the single-pulse-selected beam after
the second AOM is used for the alignment.

Since the excitation beams are crossed at an angle, the
photon echo pulses propagate in a unique direction and
are thus spatially separated from the excitation beams.
The echo is detected by a photomultiplier tube. The sig-
nal is amplified by a current amplifier and fed to a boxcar
gated integrator (Stanford Research Systems SR250).
The intensity of excitation pulses is monitored by a photo-
diode and measured by an identical current amplifier-
boxcar assembly. It serves as the reference signal. The
time constants of the current amplifiers (2 s) are set to
be the same, as are the gate widths of the boxcars.

The outputs (last sample) of the boxcars are interfaced
with an AT/PC computer through a 12-bit analog-to-
digital converter by a direct memory access channel. As
mentioned above, there are eight single pulses selected
from each macropulse. The amplitude of the reference
signal of each single pulse is monitored by the computer in
real time. If it does not fall within a preset window, the
echo signal is not averaged in with previous shots. A ±5%
window is used. Typically 70% of the shots fall within
the window. During some periods of operation, 99% of
the shots fall within this window. At each point on the
delay line, a large number of shots are averaged. A typi-
cal decay curve takes about 3 min to obtain.

Each excitation pulse is approximately 15 nJ. The
laser spot size on the sample is -0.1 mm. The sample is
the near-IR dye HITMI in PMMA. HITCI was dissolved
with PMMA in methylene chloride. Clear films of thick-
ness -1 mm and optical density -0.5 were obtained by
holding the samples at room temperature under vacuum
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Fig. 4. Photon echo data. (a) Photon echo decay of HITCI at
1.5 K. The solid line through the data is a single exponential fit.
(b) Semilog plot of same decay and fit. The spike at t = 0 is due
to the broad phonon sideband. The structure of HITCI is shown
in the inset.

to remove the solvent. The sample preparation procedure
is identical to that described elsewhere," except that the
samples in Ref. 11 were heated under vacuum to remove
the solvent more quickly.

The photon echo decays were measured at 12 tempera-
tures from 1.5 to 10 K. At the lowest temperatures
(<2.17 K) an immersion Dewar was used. At higher tem-
peratures a Janis flow cryostat was used. The tempera-
ture was measured with resistance thermometers in direct
contact with the sample. The temperature can be mea-
sured with an accuracy of 0.05 K.

The fluorescence lifetime (r) of HITCI was measured
with a time-correlated single-photon counting system. A
sample with optical density 0.1 was used to eliminate
effects due to reabsorption.

The liquid-He temperature absorption spectrum of
HITCI was measured with an arc lamp and a 0.5-m
monochromator. Spectra were recorded at room tempera-
ture and liquid-He temperature in ethanol and at room
temperature in PMMA. Previous experiments on other
dye molecules in ethanol and PMMA at room temperature
and at low temperature show a constant spectral shift
between the two media, independent of temperature. The
spectrum of HITCI in ethanol is blue shifted 15 nm com-
pared with the spectrum in PMMA. The peak of the
origin region in PMMA is at 765 nm (13 070 cm-').

RESULTS AND DISCUSSION

Figure 4(a) shows an echo decay curve at 1.5 K. The
signal-to-noise ratio is equivalent to or better than that
taken on molecules that absorb in the visible using a con-
ventional laser system."'1-3 Figure 4(b) displays a semilog
plot of the same data. The echo decay is 284 ps and is
a single exponential following a fast transient at t = 0.
The echo decay time for an inhomogeneously broadened
system is T2/4, where T2 is conventionally referred to as
the homogeneous dephasing time."9 The FWHM of the
linear absorption spectrum of HITCI at low temperature
is =480 cm-'. This linewidth is similar to that of many
other organic dyes in organic glasses at low temperatures.
The large width arises from inhomogeneous broadening.
At 1.5 K the homogeneous linewidth corresponding to the
echo decay [284 ps, see Fig. 4(a)] is 280 MHz. Thus
the inhomogeneous broadening is -105 greater than the
homogeneous broadening.

The fast transient [the sharp spike seen at the begin-
ning of the scan in Fig. 4(b)] arises from the broad phonon
sideband,'4 while the exponential decay reflects the opti-
cal dephasing of the zero phonon line of interest. It is
should be noted that the phonon sideband dephasing pro-
cess is quite insensitive to the temperature. For most
materials, the dephasing time is shorter than 0.1 ps even
at liquid-He temperature.

Figure 5 shows the experimentally determined tempera-
ture dependence on a log-log plot. At each temperature
the excited-state lifetime ( = 1.9 ns) contribution to T2
has been subtracted from T2 to yield T2*, the pure dephas-
ing time, according to the relation

1/T2* = 1/T2 - 12r. (1)

Detailed analysis of the temperature-dependence data is
presented elsewhere.' 5 Here we give only a brief descrip-
tion. The solid curve is a fit to the formula'6

1/7rT2* = aTa + b exp(-E/kT)/[l - exp(-E/kT)], (2)

where a is of the order of unity. Equation (2) is based
on the model in which the optical dephasing in low-
temperature glasses is induced through two processes:
the fluctuations of the two-level systems (TLS's)7
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Fig. 5. Temperature dependence of the dephasing time. The
solid curve is a fit to Eq. (2), with a = 1.4 and E = 15 cm-'. The
low-temperature T 14 power-law dependence is shown as a dashed
curve.
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thermal activation of a narrow-bandwidth phonon mode.
It is consistent with many experiments.' 2'13 9 The best fit
is that in which a = 1.4 and E = 15 cm-'.

At low temperature, the temperature dependence of the
pure dephasing time (T2*) is described by a power law, T.
The temperature dependence provides information on
the distribution of energy levels associated with the TLS.
The exponential form of the photon echo decays at low
temperature arises from a dipole-dipole interaction be-
tween the dye molecules and the glass TLS. A second con-
dition that is necessary to produce an exponential decay is
that the TLS fluctuation rate distribution P(R) oc 1R for
rates R that contribute on the time scale of the echo decay
(picoseconds to nanoseconds). 12,

2 0
,21

At the higher temperatures the data deviate from the
low-temperature power-law behavior. The dephasing is
dominated by the thermally activated process. Previ-
ously, the activated process was considered to be a pseudo-
local mode of the guest molecule in the host glass,9
analogous to experiments in mixed crystals.22 2 3 Recent
detailed experimental photon echo studies of Rhoda-
mine B in PMMA suggest that an optical phonon mode
of the host is responsible for the high-temperature
dephasing." While the activation energy of a pseudolocal
mode varies with the substitution of different dye
molecules, that of an optical phonon mode remains a con-
stant. The activation energy found in this study is
15 cm-', identical (within experimental error) to the pre-
vious optical dephasing study of Rhodamine B in PMMA."
Because the HITCI molecule differs drastically in mass
and moments of inertia from the dye molecules investi-
gated previously, this study provides strong support for
the optical phonon dephasing mechanism.

CONCLUSIONS
Picosecond laser pulses have made it possible to examine
dynamical interatomic and intermolecular interactions on
the time scales of fundamental events. Most lasers cap-
able of producing short pulses operate in the visible wave-
length range. Lasers that can generate light in the IR
are generally gas-phase fixed-frequency (line tunable)
devices that produce long-duration pulses. Reliable tech-
niques that can produce picosecond pulses in the IR be-
yond 1.4 ,.m (the limit of dye lasers24 ) involve three photon
interactions in a nonlinear material. LiNbO3 ,2 ' KTP, 26

and AgGaS2 (Ref. 27) have all been used to produce high
peak power pulses, but these have been in 10-Hz systems.
High-repetition-rate (100 MHz) systems also exist, but
these produce low peak powers.26 The results obtained
from conventional lasers and parametric methods are im-
pressive. These laser systems, however, are not simple
and frequently do not offer the wavelength flexibility of a
FEL. Furthermore, a FEL gains in uniqueness as the
wavelengths necessary for experiments become longer.
The SCA/FEL has operated from 0.5 to 4.2 /.Lm, and its
operation will soon be extended to produce picosecond
pulses out to 20 ,um with megawatts of peak power and
tens of watts of average power. Future developments will
expand the range to 100 m. The experiments described
here demonstrate that it is possible to do a detailed study
using a complex optical setup with the SCA/FEL as the
source. Thus the SCA/FEL can make a major contribu-
tion to research in broad areas of chemistry, physics, and
biology.

ACKNOWLEDGMENTS

This work was supported by the Medical Free-Electron
Laser Program through the U.S. Office of Naval Research
(grants N00014-89-K0154 and N00014-86-K0118). Addi-
tional support was provided by the National Science
Foundation, Division of Materials Research (grant
DMR87-18959) and by the U.S. Office of Naval Research,
Physics Division (grant N00014-89-J1119). We thank
V J. Newell for his help in setting up the experiment. We
thank Alan Stein for his help with the fluorescence life-
time measurements and the Stanford Center for Materials
Research for providing the time-correlated single-photon
counting system.

*Present address, SRI International, Menlo Park, Cali-
fornia 94025.

tPresent address, Stanford Linear Accelerator Center,
Stanford University, Stanford, California 94309.

REFERENCES

1. I. Abella, N. A. Kurnit, and S. R. Hartmann, Phys. Rev. 141,
391 (1966).

2. S. R. Hartmann, Sci. Am. 128, 32 (1968).
3. S. V Benson, W-S. Fann, B. A. Hooper, J. M. J. Madey,

E. B. Szarmes, B. Richman, and L. Vintro, in Proceedings of
the Eleventh International FEL Conference, Naples, Fla.,
1989 [Nucl. Instrum. Methods A296, 110 (1990)].

4. J. Kaminski, in Proceedings of the Eleventh International
FEL Conference, Naples, Fla., 1989 [Nucl. Instrum. Methods
A296, 784 (1990)].

5. T. I. Smith, J. C. Frisch, R. Rohatgi, H. A. Schwettman, and
R. L. Swent, in Proceedings of the Eleventh International
FEL Conference, Naples, Fla., 1989 [Nucl. Instrum. Methods
A296, 33 (1990)].

6. W.-S. Fann, S. Benson, J. M. J. Madey, S. Etemad,
G. L. Baker, and F. Kajzar, Phys. Rev. Lett. 62, 1492 (1989).

7. L. R. Narasimhan, K. A. Littau, D. W Pack, Y. S. Bai,
A. Elschner, and M. D. Fayer, Chem. Rev. 90, 439 (1990).

8. D. L. Huber, M. M. Broer, and B. Golding, Phys. Rev. Lett.
52, 2281 (1984).

9. C. A. Walsh, M. Berg, L. R. Narasimhan, and M. D. Fayer,
J. Chem. Phys. 86, 77 (1987).

10. D. W Pack, L. R. Narasimhan, and M. D. Fayer, J. Chem.
Phys. 92, 4125 (1990).

11. A. Elschner, L. R. Narasimhan, and M. D. Fayer, Chem.
Phys. Lett. 171, 19 (1990).

12. M. Berg, C. A. Walsh, L. R. Narasimhan, K. A. Littau, and
M. D. Fayer, J. Chem. Phys. 88, 1564 (1988).

13. L. R. Narasimhan, D. W Pack, and M. D. Fayer, Chem. Phys.
Lett. 152, 287 (1988).

14. S. Saikan, T. Nakabayashi, Y Kanematsu, and N. Tato, Phys.
Rev. B 38, 7777 (1988).

15. S. R. Greenfield, Y S. Bai, and M. D. Fayer, Chem. Phys.
Lett. 170, 133 (1990).

16. B. Jackson and R. Silbey, Chem. Phys. Lett. 99, 331 (1983).
17. P. W Anderson, B. I. Halperin, and C. M. Varma, Philos. Mag.

25, 1 (1972).
18. W A. Phillips, J. Low Temp. Phys. 7, 351 (1972).
19. R. M. Macfarlane and R. M. Shelby, J. Lumin. 36, 179 (1987).
20. R. Maynard, R. Rammal, and R. Suchail, J. Phys. (Paris)

Lett. 41, L291 (1980).
21. Y S. Bai and M. D. Fayer, Phys. Rev. B 39, 11066 (1989).
22. W H. Hesselink and D. A. Wiersma, J. Chem. Phys. 73, 648

(1980).
23. R. W Olson, J. S. Meth, C. D. Marshall, V J. Newell, and

M. D. Fayer, J. Chem. Phys. 92, 3323 (1990).
24. W Kaiser and A. Seilmeier, Infrared Phys. 25, 15 (1985).
25. A. Seilmeier, K. Spanner, A. Laubereau, and W Kaiser, Opt.

Commun. 24, 237 (1978).
26. H. Vanherzeele, Appl. Opt. 29, 2246 (1990).
27. T. Elsaesser, H. Lobentanzer, and A. Seilmeier, Opt. Com-

mun. 52, 355 (1985).

Bai et al.


