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We report the results from a new pump/probe spectrometer for potential use in combustion diagnostics that
employs asynchronous optical sampling. The instrument consists of two frequency-doubled mode-locked
Nd:YAG lasers operating at slightly different repetition rates, synchronously pumping two dye lasers
(rhodamine 6G) to generate the pump and probe beams. The spectral and temporal capabilities of the
instrument are examined by obtaining a spectrum and an excited state decay of rhodamine B. The
instrument response is shown to be proportional to pump power, probe power, and sample absorptance.
Different frequency synthesizers and different modes of triggering are used to study their effect on signal
stability.

1. Introduction

Pump/probe methods are commonly employed to
measure subnanosecond excited-state processes in liq-
uid and gas phase systems.1'2 In a previous paper3 we
described the first results from a new pump/probe
spectrometer based on asynchronous optical sampling
(ASOPS), which avoids many of the experimental dif-
ficulties inherent in conventional approaches. This
instrument employed a mode-locked frequency-dou-
bled Nd:YAG laser as the pump laser and a synchro-
nously pumped dye laser as the probe laser. We report
results from an improved instrument which employs
synchronously pumped dye lasers as both the pump
and probe lasers. We measure the response of the
instrument to changes in- laser power and sample con-
centration and find good agreement with theory. In
addition, the spectral and excited state decay proper-
ties of rhodamine B are measured demonstrating the
improved temporal and spectral capabilities of this
instrument.
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The current instrument represents a significant step
toward the development of a combustion diagnostic
for measurement of species concentrations in rapidly
quenched high-pressure flames. The ASOPS tech-
nique will eventually allow determination of quench-
ing rates and state-to-state relaxation rates in both the
upper and lower rotational manifolds of molecules
within high-pressure turbulent combustion systems.
Ultimately, this will require the utilization of UV
pump and probe beams. However, use of visible
beams in the current instrument is sufficient to dem-
onstrate the potential of ASOPS.

II. Operating Principles

In conventional pump/probe instruments the pump
and probe lasers operate at identical repetition rates,
with an optical delay line used to control the relative
timing between pulses from the two lasers. In addi-
tion, some type of mechanical or electrooptical chop-
ping scheme is generally employed to induce an ampli-
tude modulation on the signal which facilitates the use
of synchronous detection.4-7 In contrast, the ASOPS
instrument employs pump and probe lasers operating
at slightly different repetition rates. This induces a
carefully controlled repetitive phase walk-out of the
pump and probe pulse trains. The process is illustrat-
ed in Fig. 1(a), which shows the excited-state popula-
tion produced by several pump pulses and the tempo-
ral position of several probe pulses. Each successive
probe pulse is delayed in time (relative to the pump
pulse train) by a constantly increasing duration which
is determined by the beat frequency of the system.
Thus each probe pulse samples the excited-state popu-
lation at a slightly later time than the preceding probe
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Fig. 2. Block diagram of the ASOPS instrument.

pulse. This is equivalent to varying the optical delay
in a conventional instrument. The sampling process
repeats itself when the cumulative delay equals the
period of the pump laser. Hence any modulation of
the probe beam, resulting from the creation and subse-
quent decay of the excited state, repeats at the beat
frequency of the system. Therefore, in contrast to
conventional instruments, there is no need to ampli-
tude modulate either beam to employ synchronous
detection.

Figure 1(b) illustrates the probe intensity which oc-
curs on stimulated emission from the excited-state
population shown in Fig. 1(a). The net effect of the
ASOPS technique is that a small amplitude waveform,
which is directly related to the fluorescence decay of
the species under study, is impressed onto the probe
laser intensity. In essence, a time transformation of
the excited-state decay is performed with the time
scaled by the factor fpump/(fpump-fprobe)I, where f is the
repetition rate of the two lasers. The ASOPS tech-
nique is thus an optical analog of the sampling oscillo-
scope.

Ill. Equipment and Method

Central to the ASOPS technique is the requirement
that the pump and probe lasers operate at slightly
different repetition rates. Therefore, the instrument
requires two independently mode-locked laser sys-
tems. Both the pump and probe beams are derived
from Spectra-Physics model 375B dye lasers, which
are synchronously pumped by frequency-doubled
mode-locked Spectra-Physics series 3000 Nd:YAG la-
sers. The mode-locking frequencies are generated by
two Programmed Test Sources (PTS) model 160 fre-
quency synthesizers operated in a master-slave (i.e.,
phase-locked) configuration to minimize drift in the
beat frequency of the system. Both the pump and
probe beams consist of an -82-MHz train of -10-ps
pulses, tunable (using rhodamine 6G) from 560 to 640
nm. Throughout the center of the tuning range, aver-
age powers in excess of 250 mW are obtained using
800-900 mW of pumping power.

A block diagram of the instrument is shown in Fig. 2;
Table I summarizes the typical operating conditions

employed in temporal studies. The repetition rate of
the pump beam determines the free temporal range,
which is the maximum time available for a single decay
of the excited-state population. The difference in
laser periods, which is related to the beat frequency,
determines the sampling interval. If the beat frequen-
cy is decreased, the sampling interval is also reduced,
thereby increasing the temporal resolution. Of
course, the number of points necessary to reconstruct
the decay also increases and with it the time necessary
to collect the data. Note that the PTS frequency
synthesizers are accurate to 0.1 Hz. Therefore, the
laser repetition rates, and the resulting beat frequen-
cies, are very stable.

Each beam is split as it emerges from the laser. The
weaker fraction is used to generate a trigger signal at
the beat frequency of the system. This is done by
either (1) separately monitoring each beam with fast
photodiodes (EG&G FND-100) and electronically
mixing the outputs of the photodiodes with a double-
balanced mixer (Anzac MD-141) operating in a high-
speed gating mode,8 or (2) generating a cross-correla-
tion of the two pulse trains by combining them in a
sum-frequency generating crystal and monitoring the
UV output. 9 A typical cross-correlation is shown in
Fig. 3. The small pulses are caused by residual dou-
bling of one of the laser beams, while the peak is caused
by temporal overlap of the pump and probe pulses in

Table . Typical Operating Parameters for Temporal Studies

Pump beam Probe beam
Wavelength 560-640 nm 560-640 nm
Pulse width -10 ps -10 ps
Average power -150 mW -20 mW

(at cell)
Average power - <20 mW

(at photodiode)
Repetition rate 81.5870000 MHz 81.5970000 MHz

Beat frequency 10 kHz
Free temporal range 12.2 ns
Sampling interval 1.5 ps
Samples per decay 8200
Collection time (single decay) 100,us
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the crystal. Although not shown, this peak repeats at
the beat frequency of the system.

The remaining fractions of both the pump and probe
beams pass through polarization rotator-beam splitter
combinations which provide a convenient means of
varying the power in either beam. In addition, the
vertical component of the pump beam is combined
with the horizontal component of the probe beam at
the second polarization beam splitter. The beams
then pass collinearly through a focusing lens, the sam-
ple (contained in a spinning cell to minimize thermal
lensing problems), and a collimating lens. The beams
are then separated by another polarization beam split-
ter.

For temporal studies, instead of using a polarization
beam splitter, the beams are combined with a glass
beam splitter (90% pump transmission, -10% probe
reflection) before passing collinearly through the fo-
cusing lens, sample, and collimating lens. The beams
are then separated by a narrow bandpass interference
filter. Use of the glass beam splitter allows the relative
polarization of the pump and probe beams to be set at
any desired angle.

The probe beam intensity is monitored by a photodi-
ode (EG&G SGD-100A), the output of which is direct-
ed to the detection system. For temporal studies, a
digitizing oscilloscope (Hewlett-Packard 54100A),
triggered at the beat frequency of the system, was
employed. Each point of the oscilloscope signal was
the result of 2048 averages. Because of its high sensi-
tivity and large noise-suppression capabilities, a lock-
in amplifier (Stanford Research Systems model 510)
was used to monitor a single Fourier frequency compo-
nent of the ASOPS signal for nontemporal studies.

The sample was -10- 3-M rhodamine B (Eastman
Kodak, laser grade) in methanol (Fisher Scientific,
spectral grade). This molecule was selected because
(1) its absorption and emission bands (see Fig. 4)10 are
readily accessible to our dye lasers; (2) its cross sections
for absorption and emission are large; and (3) its fluo-
rescence lifetime is short with a quantum yield near
unity, thus allowing decay of most of the excited-state
population between pump pulses.

IV. Results and Discussion

The pump beam excites molecules of rhodamine B
from the ground state So to an upper vibrational level
of the first excited S1, which is followed by instanta-
neous (on the time scale of this experiment) vibration-
al relaxation to the lowest vibrational level of S1. The
probe beam can then stimulate emission from this level
to an upper vibrational level of So, followed again by
rapid relaxation to the lowest vibrational level of So.
The system, therefore, can be analyzed as a simple
four-level system with significant population residing
only in the lowest vibrational levels of So and S1. In
this case, both the pump and probe transitions can be
treated in a Beer's law fashion.1

For small gains, the change in the energy of a probe
pulse in the absence of rotational diffusion effects is,
therefore, given by
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Fig. 3. Cross-correlation of the pump and probe beams.
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Fig. 4. Normal absorption and fluorescence spectra of rhodamine
B.

Epr(t) Eprl[ + aembNi(t)], (1)

where EOr is the probe pulse energy before interaction
with the sample, t is the time between the pump and
probe pulses, em is the cross section for stimulated
emission at the probe wavelength, b is the sample path
length, and N1 is the number density of S1. Since the
pump beam is pulsed, N1 behaves exponentially:

N(t) = N1(0) exp(-t/r), (2)

where r is the lifetime of S1, and N1(0) is the popula-
tion of Si immediately following the pump pulse. The
time-dependent energy of the probe pulse is, therefore,
given by

(3)

The lock-in amplifier (LIA), however, measures a
time-independent quantity which is proportional to
the depth of modulation of the time-dependent signal.
Hence

VLIA - AEPr = Epr(O) - Epr(Atpu), (4)

where VLIA is the output voltage of the LIA, AEpr is the
depth of modulation of the probe beam, Epr(0) is the
probe pulse energy immediately following the pump
pulse, and Atpu is the period of the pump laser. If Atyu
>> , then exp(-Atpu/T) c- 0 and Epr(Atpu) EprE
Therefore, from Eqs. (3) and (4),

VLIA - EPraembNM(0). (5)

Furthermore, since each absorbed pump photon gen-
erates one excited state,
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N''O) = (E p/hvU)(1 -pp (6)

where E 0 is the energy of a pump pulse before interac-
tion wits the sample, vpu is the optical frequency of the
pump beam, A,, is the beam cross-sectional area in the
sample, and (1 - T)pu is the sample absorptance at the
pump wavelength. Substituting Eq. (6) into Eq. (5),
eliminating common terms, and rearranging yield
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YLIA - oh p -] (7)

Therefore, the LIA signal should respond linearly to
changes in probe power, pump power, and sample ab-
sorptance.

A. Power Studies

Using the polarization rotators to vary the power in
either the pump or probe beam yielded a linear varia-
tion in the LIA signal [see Figs. 5(a) and (b)] for pump
powers of <150 mW and probe powers of <20 mW (the
probe range was limited by the onset of photodiode
saturation), as predicted by Eq. (7). For the pump
power study, the probe (608 nm) was fixed at -20 mW,
while for the probe power study, the pump (574 nm)
was fixed at -180 mW.

B. Concentration Study

According to Eq. (7), the LIA signal should be pro-
portional to the sample absorptance, which can be
calculated from a form of Beer's law as

(1 7 = 1 10 fab. (W

where Eab is the molar absorptivity at the pump wave-
length and C is the sample concentration.

Unfortunately, the situation is complicated by the
fact that the path length b cannot necessarily be equat-
ed with the physical width of the cell. This is true
because (1) the probe beam is modulated only where
the pump and probe beams overlap and (2) the signal is
inversely proportional to the cross-sectional area of the
beam [see Eq. (7)]. The result is an effective path
length which is related to the length of sustained focus-
ing by the probe beam in the presence of the pump
beam within the cell. Since relatively tight focusing is
currently necessary to generate observable signals, the
effective path length in this study was clearly <1 cm
(the physical width of the cell), although the exact
length is difficult to measure.

Figure 5(c) shows a plot of LIA voltage vs sample
absorptance, where the absorptance has been calculat-
ed using Eq. (8) from the known molar absorptivity
(E570 48,000 M-1 cm- 1) of rhodamine B,10 the sample
concentration (ranging from 10-6 to 10-3 M), and an
estimated effective path length of 1 mm. Although
this path length is not unreasonable, the need to esti-
mate an effective path length to linearize the data is
clearly not ideal for making quantitative measure-
ments. It may be possible in the future to reduce this
problem by more closely matching the focal length of
the focusing lens and the width of the sample cell. In
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Fig. 5. Variation of the ASOPS signal with (a) pump power, (b)
probe power, and (c) sample absorptance.

addition, it should be noted that knowledge of the path
length is not required if one is willing to calibrate the
system, which will be the case in future gas-phase
studies.

C. Spectra

Equation (7) was developed assuming that the probe
beam stimulated emission only. However, the absorp-
tion and fluorescence bands of rhodamine B (see Fig.
4) overlap significantly in the wavelength region cov-
ered by current dye lasers. Since absorption of the
probe follows the population of the ground state, which
is clearly modulated at the same frequency as the
excited-state population in this essentially two-level
system, the observed signal will contain contributions
from both absorption and stimulated emission.

To account for the effects of absorption, Eq. (1) is
modified to

Epr(t) EprJ + aembNi(t) - aabbNO(t)I, (9)

where Uab is the cross section for absorption at the
probe wavelength and No is the number density of So.
Assuming that the total number density N is distribut-
ed only in So and S1, then No = N - N1 at all times.
Substituting this expression into Eq. (9) and rearrang-
ing yield

Epr(t) = Er[1 - abbN + (em + ab)bNl(t)I (10)

Following the same reasoning used to derive Eq. (7)
from Eq. (1) then leads to
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Fig. 6. Excitation, emission, and sum spectra of rhodamine B ob-
tained by ASOPS.

(11)

If the sample absorptance is small (i.e., <0.2), then (1 -
T)pu - cabbN, which on substitution into Eq. (11),
followed by rearrangement, gives

VLIA [ hcAE Pu1 (oc , + em (12)

where the superscripts pr and pu have been added to
distinguish between cross sections at the pump and
probe wavelengths, respectively, and Vpu has been re-
placed by c/Xpu.

In most pump/probe instruments a fixed pump
wavelength is employed, and spectra are obtained by
scanning the probe wavelength. According to Eq.
(12), this procedure yields a sum spectrum related to
both oPr and oaPbr. On the other hand, if the probe
wavelength is fixed, scanning the pump wavelength
yields an excitation spectrum related to aPbu. Hence,
with appropriate scaling, one should be able to sub-
tract the excitation spectrum from the sum spectrum
with the difference being the emission spectrum.

Since we are primarily interested in the shape of the
excitation and emission spectra rather than the abso-
lute value of the cross sections, the sum data were first
corrected for variations in laser power and normalized
with respect to the corrected signal at XK (it is conve-
nient to choose Xpr SO that ab 0) yielding

Ssum - [VLIA/(E'rE~u)](Xpr) em + ab
Snorm(X) X (13)

Likewise, the excitation data were corrected for varia-
tions in laser power and pump wavelength and normal-
ized with respect to the corrected signal at Xpu yielding

[VLjA/(ErE~puX) (Xpu) uab

Snrm(X) = o = (14)

The normalized emission spectrum is then given by

Sem (X) = sum A Se (X) em
norm( ) norm( ) ah Snorm XI (15)0

em gem

which shows that if the appropriate scaling factor fib/
,xm is known, the emission spectrum can be calculated
from the sum and excitation spectra.

0 20 40 60 80 100 120 140

Equivalent Time (sec)

160 180 200

Fig. 7. Equivalent time decay of rhodamine B observed (a) on the
pump beam and (b) on the probe beam. A smooth line has been

drawn through the original data for presentation purposes.

Ideally, one would select X" so that ¢a = 0; then
Sum (X") would be the desired scaling factor. Unfor-
tunately, due to the limited tuning range of the dye
lasers, this was not possible. However, if Xp < Xpu,
then S (X") can still be a reasonable estimate of the
scaling factor if the probe beam now accesses a higher-
energy transition than the pump beam, thus making it
impossible to stimulate emission from the lowest vi-
brational level of Si. The stimulated emission term in
Eq. (9) would then depend not on N1, but on N1', the
number density in the upper vibrational level accessed
by the probe beam. Assuming that the two-level mod-
el holds (i.e., ignoring the Boltzmann distribution of
states), N1' = 0, and the stimulated emission term
vanishes. Propagating this condition through to Eq.
(13) gives S'um (X") = a"I/rem, which is the desired
scaling factor.

Figure 6 shows the normalized sum and excitation
spectra measured with the ASOPS instrument as well
as the resulting emission spectrum calculated from Eq.
(15). Although there are no sharp features against
which to compare, the measured excitation and emis-
sion spectra follow the general trends observed in the
known spectra (see Fig. 4).

D. Temporal studies

Equation (3) describes the probe-sample interac-
tion as a function of the pump/probe temporal separa-
tion. As pointed out earlier, however, the ASOPS
technique performs a time transformation of the de-
cay. Hence the observed signal takes the same form as
Eq. (3), but with the temporal parameters, t and T,
replaced by equivalent transformed parameters, teq
and T

eq, where the actual and equivalent parameters
are related by

teq = tfpu/(fpu - fpr)- (10)

Figure 7(a) shows the equivalent time decay of rho-
damine B using a 570-nm pump beam and a 585-nm
probe beam. The peak SNR was determined to be
n 20. The repetition rate of the pump laser is
81.5970000 MHz, while that of the probe laser is
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Fig. 8. Effect of polarization on the decay of rhodamine B. Polar-

ization of the probe beam fixed (a) parallel, (b) at the magic angle,
and (c) perpendicular to the polarization of the pump beam.

81.5870000 MHz, yielding a beat frequency of 10.0000
kHz. The measured lifetime of 18.6 gs, therefore,
corresponds to an actual lifetime of 2.3 ns, which is in
reasonable agreement with literature values10 12 rang-
ing from 2.3 to 3.2 ns. Since both the pump and probe
beams lie in the absorption band of rhodamine B, the
observed decay results from monitoring the recovery of
the ground state. (Similar results have been observed
when monitoring the excited state directly by stimu-
lated emission.3) Since both beams excite the ground
state, the role of the lasers is interchangeable, i.e., both
beams modulate, at the beat frequency, the ground-
state population seen by the other beam. Figure 7(b)
shows the same experimental results as Fig. 7(a) but
obtained by monitoring the pump beam rather than
the probe beam. Since the period of the pump beam is
shorter than that of the probe beam, each successive
pump pulse samples the ground-state population at a
slightly earlier time (relative to the probe pulse train)
than its predecessor, while each successive probe pulse
samples the ground-state population at a slightly later
time (relative to the pump pulse train) than its prede-
cessor. Hence, the decay in Fig. 7(b) is reversed in
time relative to the decay in Fig. 7(a).

Due to the polarization of the pump and probe
beams, the observed decay depends not only on the
number densities in the states connected by the probe
laser but also on rotation of the dipole moment of these
populations with respect to the polarization of the
probe beam. In liquids these rotations often occur on
the picosecond time scale.13"14 Closer examination of
the leading edge of the rhodamine B decay, as shown in
Fig. 8 where the polarization of the pump beam has
been set parallel, perpendicular, and at the magic angle
(550) relative to the polarization of the probe beam,
illustrates this effect and demonstrates the temporal
capabilities of the ASOPS technique. As expected,
the parallel arrangement exhibits a fast rise, while the
perpendicular arrangement exhibits a slow rise rela-
tive to the magic angle configuration. All three decays
eventually merge as a result of rotational randomiza-
tion of the dipole moments. The rotational diffusion
time of rhodamine B was determined to be 105 ps,
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Fig. 9. Effect of frequency synthesizer stability of the decay of
rhodamine B. Results for (a) phase-locked PTS, (b) free-running
PTS, and (c) free-running Spectra-Physics frequency synthesizers.
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Fig. 10. Effect of trigger stability on the decay of rhodamine B
where the trigger signal is derived (a) from the cross-correlation of
the pump and probe beams and (b) from electronically mixed photo-

diode signals monitoring the two beams.

which is in excellent agreement with the literature
value of 102 4 5 ps.' 5

The temporal response of the instrument is deter-
mined by (1) the stability of the beat frequency, (2) the
stability of the trigger system, (3) the width of the
pump and probe pulses, and (4) the magnitude of the
beat frequency. Figure 9 shows the leading edge of the
rhodamine B decay using three different schemes to
generate the mode-locking frequencies. The schemes
employ free-running and phase-locked frequency syn-
thesizers from two different manufacturers. Not sur-
prisingly, phase-locking the PTS frequency synthesiz-
ers (0.1-Hz resolution) yields the most stable beat
frequency. Figure 10 shows the results obtained when
using the two triggering schemes described earlier.
The instability in the electronic scheme is probably
caused by impedance mismatches between the various
components and by intensity fluctuations in the lasers
which cause jitter in the detection system.

The width of the pulses and the magnitude of the
beat frequency are determined by the laser system and
are factors over which we currently have little control.
As mentioned earlier, the sampling interval and collec-
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tion time are inversely related. This trade-off may in
the future be minimized by operating the lasers at a
higher repetition rate of 246 MHz (i.e., mode-locking
the lasers on the third harmonic). For the same tem-
poral resolution (1.5 ps), this higher repetition rate
would decrease the collection time by a factor of 9.
Conversely, the temporal resolution would increase by
a factor of 9 for the same collection time (100 Ms). The
price in this case would be a decrease in the free tempo-
ral range from the current 12.2-4.1-ns.

The ultimate goal of this research is the develop-
ment of the ASOPS technique as a combustion diag-
nostic in high-pressure flames. Future studies will,
therefore, be directed toward applying this technique
to combustion systems. After initial studies employ-
ing atomic sodium, we will investigate the hydroxyl
radical as it is a major intermediate in flames and its
spectroscopy is well known. The major difficulty an-
ticipated is a significant drop in power and, therefore,
signal, resulting from the need to frequency-double
both dye lasers to access rotational transitions of the
hydroxyl radical.

This Research was sponsored by the Air Force Office
of Scientific Research, Air Force Systems Command,
USAF under grant AFOSR-84-0323.
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INTERNATIONAL WORKSHOP ON REMOTE SENSING RETRIEVAL METHODS

Science and Technology Corporation will offer a 3V2 day workshop on Remote Sensing Retrieval Methods, 15-18
December 1987, Fort Magruder Inn, Williamsburg, Virginia. The primary objective of the Workshop is to pro-
vide a forum where researchers from various related fields of remote sensing can be brought together to review
and discuss the state of knowledge in retrieval methods, with emphasis on applications to atmospheric, ocean,
and land features, and to identify areas in which further research is needed.
TOPICS: * remote sensing by tomographic and geometric methods * role of calibration in retrievals * retrieval
methodology * multidimensional retrieval methods * artificial intelligence methods * data compaction * display
systems methodology extraterrestrial remote sensing * climate monitoring by remote sensing techniques.
CALL FOR PAPERS: A limited number of contributed papers, covering original unpublished work on the
workshop topics, will be accepted for presentation. ABSTRACT DEADLINE: 15 OCTOBER 1987.
Early preregistration is strongly recommended because of limited seating.
For assistance, contact:

Technical: Dr. Adarsh Deepak
(804) 865-1894

Sponsored by:
Science and Technology Corporation

101 Research Drive
Hampton, Virginia 23666-1340
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Administrative: Ms. Carolyn A. Keen/Mrs. Judy Cole
(804) 865-0332


