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In laser spectroscopy, high photon flux can perturb the sample away from thermal equilibrium,
altering its spectroscopic properties. Here, we describe an optical beam scanning apparatus that min-
imizes repetitive sample excitation while providing shot-to-shot sample exchange for samples such
as cryostats, films, and air-tight cuvettes. In this apparatus, the beam crossing point is moved within
the focal plane inside the sample by scanning both tilt angles of a flat mirror. A space-filling spiral
scan pattern was designed that efficiently utilizes the sample area and mirror scanning bandwidth.
Scanning beams along a spiral path is shown to increase the average number of laser shots that can
be sampled before a spot on the sample cell is resampled by the laser to ∼1700 (out of the maximum
possible 2500 for the sample area and laser spot size) while ensuring minimal shot-to-shot spatial
overlap. Both an all-refractive version and an all-reflective version of the apparatus are demonstrated.
The beam scanning apparatus does not measurably alter the time delay (less than the 0.4 fs measure-
ment uncertainty), the laser focal spot size (less than the 2 µm measurement uncertainty), or the beam
overlap (less than the 3.3% measurement uncertainty), leading to pump–probe and autocorrelation
signal transients that accurately characterize the equilibrium sample. © 2017 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4986628]

I. INTRODUCTION

In time-resolved optical spectroscopies, sequences of
pulses, each sequence representing a complete and indepen-
dent experiment, are repeated in order to record a transient
which contains data as a function of the time delay(s) between
pulses. Repetitive excitation artifacts come about when excited
chromophores do not have adequate time to relax to ther-
mal equilibrium with the bath before being probed again. In
such a case, long-lived intermediates can influence or even
dominate the dynamics observed in a variety of molecular
systems.1–4 For example, photon echoes can be stimulated
from a frequency grating built up by repetitively exciting the
sample.5

In order to increase the duty cycle of data collection with-
out inducing such artifacts, techniques that exchange the sam-
ple within the probed volume are needed. Sample exchange,
refreshing, or renewal techniques can be characterized by two
key rates: a sample exchange rate and a resampling rate.
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The sample exchange rate is the rate at which the portion
of sample excited by the previous laser shot is moved out
of the laser focal spot. The resampling rate is the rate at
which previously excited portions of the sample are revis-
ited by the laser focal spot. To prevent repetitive excitation
artifacts, the sample exchange rate should be greater than the
laser repetition rate and the resampling rate should be less
than the slowest sample relaxation rate. Techniques for sam-
ple exchange involve either moving the sample with respect
to stationary laser beams (sample cell spinning,1,6–10 trans-
lating,4,11–13 flowing,2–4,11,14–16 and stirring17), or moving the
laser beams with respect to a stationary sample cell (spinning
lens18). Moving-sample techniques often provide sufficient
sample exchange but impose restrictions on the format of the
sample cell. Conversely, a moving-beam technique, such as
using a spinning lens to scan a circular pattern on the sample,18

enables flexibility in choice of sample cell. Critically, moving
the beams rather than the sample provides a means to rapidly
refresh the sample between laser shots in cryostats and solid
samples.

We present a sample exchange technique that extends
the moving-beam strategy18 by quickly scanning two cross-
ing laser beams in a space-filling pattern such that each pulse
sequence probes a portion of the sample not excited by prior
pulses, taking advantage of the area of the sample cell to
maximize resampling time. The advantages of this technique
include average resampling rates on the order of 6 s�1 at 10 kHz
laser repetition rate, low shot-to-shot spatial overlap, flexibil-
ity in sample cell format (rectangular, cylindrical, cryostat,
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etc.), and interferometric stability. Compared to flowing or stir-
ring, which requires only one scatter-free spot on the sample
cell, sensitivity to light scattering points over the entire probed
area is a disadvantage. Also, because the probe beam’s direc-
tion heading onto the detector is not constant in the approach
presented here, beam pointing compensation by an additional
scanning mirror after the sample would be needed for probe
beam detection using a spectrograph (see supplementary mate-
rial). The scanning beam method developed here could be
combined with moving-sample techniques to achieve even
longer resampling times.

II. BEAM SCANNING DESIGN
A. Refractive optics implementation

The refractive-optics beam scanning apparatus in Fig. 1
is constructed using only commercially available equipment,
of which the core is a fast steering mirror (FSM-300, New-
port) and its controller/driver (FSM-CD300B, Newport). The
FSM has a front-surface gimbaled, 1 in. diameter, enhanced
aluminum-coated mirror whose angle is independently con-
trolled about two orthogonal axes by four voice coils,19–21 a
type of linear actuator. It has a mechanical angular range of
±1.5◦, a repeatability of ≤3 µrad, and a closed-loop amplitude
bandwidth of ≥800 Hz. Since the FSM is designed for beam
stabilization and scanning applications, for which speed and
precision are critical, it is well suited to the needs of sample

FIG. 1. Schematic of the refractive-optics beam scanning apparatus. Beams
propagate from right to left, encountering a fast steering mirror (FSM), focus-
ing lens (L1), sample cell, two irises (I1 and I2), collimating lens (L2), and
photodiode (PD). The fast steering mirror (FSM) utilizes a 1 in. diameter
aluminum-coated mirror. The focusing lens, L1, is a 2 in. diameter anti-
reflection-coated (AR-coated) plano-convex lens with a 30 cm focal length,
denoted by the distance f in the schematic. The sample cell is 5 cm× 1 cm with
a 1 mm path length. The collimating lens, L2, is a 1 in. diameter AR-coated
plano-convex lens with a 25 cm focal length. The photodiode, PD, is a biased
silicon PIN photodiode detector which has a large active area diameter (4.57
mm). (a) Side view showing beams deviated up (dashed, blue) and deviated
down (solid, red). (b) Top down view showing beams deviated left (solid,
purple) and deviated right (dashed, green).

exchange. Compared to dual-axis galvanometer–based sys-
tems, which use two separate mirrors in a z-fold–like arrange-
ment,22 a voice coil–actuated FSM translates the reflected
beams less while scanning, leading to a simpler optical setup
and reducing aberrations in focusing all beams to the same
spot within the sample.

The optical layout is very similar to typical apparatus for
laser scanning microscopy.23 The FSM reflects two parallel
beams, vertically offset by 1.2 cm, at 45◦ to the surface of
the mirror. The vertically stacked beam geometry is necessary
since it enables pump and probe beams to arrive at a common
focus in the sample, largely independent of FSM deflection
angle (see Sec. IV and the supplementary material).

An anti-reflection–coated (AR-coated) 2 in. diameter
plano-convex lens (f = 30 cm) is centered in the path of the
reflected beams at a distance of its focal length from the
FSM. The distance between the FSM and lens is important
because it controls the incident angle of the focused beams
on the focal plane, in which the sample cell lies. In geo-
metric optics, any ray emanating from the focal point of a
lens will propagate parallel to the optical axis once it has
passed through the lens.24 Therefore, when a lens is placed
such that its focal point coincides with the center of the FSM,
the angle bisector between the focused beams will, neglecting
the effects of optical aberrations,25 fall normal to the focal
plane in the sample for all deflection angles of the FSM.
This, along with aligning the sample cell parallel to the focal
plane, ensures constant optical path length through the sample
cell as well as constant reflective losses from the sample cell
interfaces.

Past the sample cell are two irises that are centered on the
probe beam and are closed as far as possible without clipping
the probe beam at any point in its scan pattern. The irises are
used to block the pump beam and light scattered by the sample.
They are positioned 20 cm and 32 cm from the sample cell,
by which point the pump and probe scan patterns are spatially
separated for a scan pattern whose diameter in the focal plane
is 3 mm.

Beyond the second iris, there is an AR-coated 1 in. diam-
eter plano-convex lens (f = 25 cm) that is placed 48 cm from
the sample cell and centered on the probe beam, approxi-
mately 0.5 cm above the optical axis of the focusing lens.
This lens serves to loosely focus the probe scan pattern onto
a photodiode (ET-2040, Electro-Optics Technology; reverse-
biased silicon PIN photodiode; 4.57 mm active area diameter)
placed 25 cm beyond. Empirically, the photodiode surface
is positioned on a plane in which the scanning beam is sta-
tionary; this plane is slightly before the focus, which is not
stationary.

The location of the common focus for the two beams in
the sample cell is controlled by the deflection angle of the FSM
which is, in turn, controlled by two input voltages: one for the x
(horizontal) deflection angle and one for the y (vertical) deflec-
tion angle. The FSM is capable of producing an arbitrary scan
pattern on the sample cell, within its mechanical constraints
on maximum deflection angle (±1.5◦, mechanical) and band-
width. Specifically, the FSM-300 can utilize its full angular
range up to a frequency of 40 Hz, beyond which the maxi-
mum deflection angle is inversely proportional to the square of
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frequency due to thermal loading of its drive coils.26 For
example, when the focal length of L1 is 20 cm and scan-
ning a circular pattern with a 3 mm radius, the maximum
scan velocity achievable by the FSM-300 is 1.38 m/s, enabling
center-to-center separation of laser focal spots of up to 138 µm
(1.38 mm) for a 10 kHz (1 kHz) laser repetition rate. The FSM-
300’s ±1.5◦ maximum mechanical deflection angle translates
into a maximum pattern radius of 10.5 mm for the same 20 cm
L1 focal length.

A trade-off exists between the maximum size of the scan
pattern and the focal spot size of the laser at the sample.
While a longer focal length for L1 allows for a larger scan
pattern, it also increases the diffraction-limited focal spot size
of the laser.27 Since both the maximum scan pattern size and
the focal spot size increase linearly with the focal length of
L1, the maximum resampling time cannot be increased in
this way. On the other hand, increasing the collimated beam
waist can enable longer resampling times by decreasing the
focal spot size. However, the collimated beam waist is neces-
sarily restricted to wc <D/2 − ∆/2 (where ∆ is the distance
between collimated pump and probe beams) by the diam-
eter of the FSM, D. The collimated beam waist is further
restricted to wc <∆/2− f tan[θmax] (where f is the focal length
of L1 and θmax is the maximum FSM deflection angle in the
scan pattern) by the significant margin needed to selectively
block the pump with iris I2 and is also restricted by compli-
cated factors influencing the nonlinear-signal to noise ratio.
The maximum number of scan points before resampling is
given by

Nmax =
π2w2

c tan2(θmax)

λ2
, (1)

where λ is the laser wavelength. For example, for a 2.5 mm
collimated beam waist, a maximum deflection angle of∼0.29◦

(3 mm diameter scan pattern and 30 cm focal length), and
800 nm wavelength light, Nmax = 2410. This geometrical max-
imum does not consider frequency bandwidth constraints of
the scanning mirror.

A refractive beam scanning apparatus with optics that are
symmetric about the sample cell is proposed in the supple-
mentary material. In this “ideal” implementation, use of equal
focal length lenses on each side of the sample cell is expected to
reduce the influence of scanning artifacts (e.g., non-stationary
probe beam on the detector).

B. Reflective optics implementation

An all-reflective-optics version of this beam scanning
apparatus was also constructed (Fig. 2) and has the advan-
tage of eliminating the dispersion and chromatic aberration
caused by refractive optics at the cost of added astigmatism.
The primary difference is in the use of 2 in. diameter spher-
ical concave mirrors (f = 20 cm, Thorlabs CM508-200-P01)
instead of lenses. In order to minimize optical aberrations, the
FSM and curved mirrors are used at near-normal incidence. In
terms of layout and alignment, the same guiding principles that
were used with the refractive optics setup were used here. Just
as in the refractive implementation, the sample cell is placed
perpendicular to the optical axis of the focusing mirror so as to

FIG. 2. Top-down view of the all-reflective-optics beam scanning apparatus
(not drawn to scale—the angle θ0 is greatly exaggerated). Beam paths for
two different FSM deflection angles are illustrated: left (solid, purple) and
right (dashed, green). Only one beam is visible for each FSM deflection angle
when viewed from above since the pump and probe beams are vertically
offset. Beams start at the bottom-left of the diagram, travelling from left to
right, encountering (in order) a fast steering mirror (FSM), spherical concave
mirror (CM1), sample cell, iris (I1), spherical concave mirror (CM2), iris
(I2), and photodiode (PD). Both concave mirrors are aligned such that they
share a common focal plane, in which lies the FSM, the sample cell, and the
front face of the detector. The concave mirrors (CM1 and CM2) have a 2 in.
diameter, 20 cm focal length (denoted by the distance f in the schematic), and
are protected-silver coated. The sample cell is 5 cm × 1 cm with a 1 mm path
length. The photodiode, PD, is a biased silicon PIN photodiode detector with
a large active area diameter (4.57 mm).

coincide with its focal plane. However, with the near-normal
incidence layout, this must be accomplished in a different way
(see supplementary material). Likewise, the optical axis of the
collimating mirror after the sample lies parallel to that of the
focusing mirror. As in the refractive implementation, the first
iris after the sample is placed far enough away that it is able to
fully block the pump beam while transmitting the probe beam
over the entire scan pattern.

III. SCAN PATTERN

The three primary goals in formulating a scan pattern
were to (1) decrease as much as possible the rate at which
spots in the sample cell are revisited by the laser, (2) minimize
shot-to-shot spatial overlap of successive sequences of laser
pulses, and (3) avoid driving the FSM beyond its mechanical
limitations. These requirements eliminate certain approaches,
including rastering line-by-line, which cannot simultaneously
satisfy goals 2 and 3 above for the experimental conditions
of interest because the large bandwidth needed to reverse the
mirror’s angular motion when moving from one scan line to
the next would cause the FSM to exceed the current limit of
its voice coils. An effective solution to these goals is a bidirec-
tional space-filling spiral pattern. As depicted in Fig. 3, this
pattern closely resembles an Archimedean spiral with laser
shots spaced at a constant distance d along the path of the spiral,
starting at some minimum radius and moving outward. Once
the defined maximum radius is reached, the radial velocity is
reversed (but not the tangential velocity) such that the beams
are spiraled back to the minimum radius. This pattern assures
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FIG. 3. A space-filling spiral pattern consists of an outward-traveling spiral
(blue) followed by an inward-traveling spiral (red). Dots indicate the location
of laser shots on the sample while arrows show the direction of travel between
laser shots. The pattern obeys boundary conditions specifying the minimum
(rmin) and maximum (rmax) radii. Each laser shot is separated (tangentially)
by a distance d from the prior (and subsequent) laser shot. Likewise, after
each 360◦ cycle within the pattern, laser shots are displaced radially by the
distance d. For clarity, this schematic exaggerates d so that there are only 3
cycles between rmin and rmax. Experiments had ∼20 cycles in each of the
inward- or outward-traveling spirals.

that the centers of successive laser shots are separated by a con-
trolled distance, d. Considering only an outward- or inward-
traveling section of the pattern, laser shots from one angular
period of the scan pattern to the next are also separated by the
same distance d. The space-filling spiral pattern has the advan-
tage of constant shot-to-shot spatial overlap and effective use of
sample cell area, which is important for achieving low resam-
pling rates. The minimum radius parameter allows for better
control of resampling rate and for avoidance of the center part
of the pattern where the angular frequency necessary to main-
tain the center-to-center spacing d can surpass the bandwidth
limitations of the FSM. The disadvantage of the bidirectional
spiral scan pattern is that the outward- and inward-traveling
spirals overlap to some extent at various points within each
pattern.

This pattern was implemented by setting a constant tan-
gential speed vtan = dklaser, where klaser is the laser repetition
rate and setting the radial speed to vrad(t) = df tan(t), where
ftan(t)= vtan/2πr(t) is the tangential cyclic frequency, vtan is
the tangential speed, and r(t) is the radius of the pattern at
time t (see supplementary material for details). The number
of spots contained within half (either the outward or inward
traveling portion) of the space-filling spiral pattern matches
that predicted by square packing of circular focal spots within
the area of the scan pattern (i.e., the number of spots in the
pattern is given by the area of the scan pattern divided by the
squared spot separation); a more complicated scan with hexag-
onal packing might allow up to∼15% improvement. While the
scanned path is cyclical (i.e., repeats exactly), the location of
laser shots on the continuously scanned curve need not coin-
cide exactly between cycles of the scan pattern. The locations
of laser shots will perfectly repeat only if the period of the

scan pattern is an exact integer multiple of the laser repetition
period (see supplementary material).

Motion of the FSM is computer controlled, enabling
rapid customization of the scan pattern based on experimental
requirements. A LabVIEW program calculates the scan path
and outputs its x and y coordinates as voltages through a sound
card. These voltages serve as the control signals for the two
rotation axes of the FSM.

IV. CHARACTERIZATION

After the scan pattern was verified using photosensitive
paper, characterization of the refractive setup required mea-
surements of how laser spot size, pump–probe overlap, pulse
duration, and pump–probe delay vary during beam scanning.
Scanning the FSM did not cause vibrations that would prevent
use of an interferometer while scanning (see supplementary
material). The laser focal spot was imaged in the focal plane
as a function of FSM deflection angle using an imaging sensor
(ZoomCam USB Model 1598 with lens removed; see sup-
plementary material). Placement of the imaging sensor in the
focal plane is described in the supplementary material. The
resulting images of pump and probe beams were fit with a
2D elliptical Gaussian to extract the spot widths [44 µm full-
width at half-maximum (FWHM)], which varied by less than
4% for either beam over the full ∼2 mm square sampled
scanning area. Since the measured spot width varies by as
much as 6% depending on how well the imaging sensor is
placed in the focal plane, 4% should be viewed as an upper
bound on the position-dependent spot width variation. The 2D
Gaussian fits also indicate the positions of pump and probe
focal spots at each FSM deflection angle, enabling changes
in relative spot position to be quantified. Relative spot posi-
tion is defined as the spatial separation between pump and
probe beam centers in the plane of the imaging sensor. For
the same range of FSM deflection angles as above, the root-
mean-square (RMS) deviation of the relative spot position (as
a percentage of the full-width at half-maximum of the focal
spot) was 8.2% in the horizontal dimension and 14.5% in
the vertical dimension, both of which are within the preci-
sion of this measurement (∼15.5%), which is limited by the
estimated ±2.5◦ accuracy of placing the imaging sensor in the
focal plane. Assuming that a change in relative beam position
is the result of a change in the z-position of the pump–probe
crossing point relative to the surface of the imaging sensor,
a 14.5% change in the relative spot position corresponds to
a 163 µm change in the relative z-position for the refrac-
tive implementation depicted in Fig. 1. This is a relatively
small distance compared to not only the sample path length
(1 mm) but also the crossing length of the beams (2.25 mm)
and the Rayleigh range (5.74 mm). In addition, changes in
relative beam position in the plane of the imaging sensor can
result from optical aberrations in the focusing optics, which
cause the z-position of the focus to vary with FSM deflection
angle.

Given the measured change in relative spot position, the
change in beam overlap is calculated from the spatial profiles
for the pump and probe beams at the focus (see supplementary
material). For beams with a circular Gaussian spatial profile
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and a FWHM spot size of 44 µm, a 15.5% change in the
relative spot position corresponds to a 3.3% decrease in over-
lap between pump and probe beams compared to perfectly
overlapped beams. Since the pump–probe signal is propor-
tional to this overlap, variations induced by scanning are
attenuated by an electronic frequency filter prior to further
processing (e.g., lock-in amplification).

To ensure that beam scanning does not alter transient
measurements beyond reducing repetitive excitation, auto-
correlations and pump–probe transients were acquired under
both scanning and stationary beam conditions for comparison.
These measurements are sensitive to changes in pump–probe
pulse delay, spatial overlap and the incident angle at the sam-
ple, and probe pulse detection efficiency. Changes in any of
these properties caused by beam scanning would distort the
resulting transients and introduce artifacts.

An intensity-detected second-order noncollinear autocor-
relation (Fig. 4) was measured in the refractive beam scanning
apparatus both with the FSM held at a constant deflection
angle and with the FSM performing the space-filling spi-
ral pattern. Autocorrelations were recorded from �400 fs to
400 fs with 5 fs time steps. Two scans were acquired under
both scanning- and stationary-beam conditions, enabling the
measurement uncertainty to be estimated and compared to the
variations caused by beam scanning. The maximum possible
pattern size with the 5 mm diameter beta-barium borate

FIG. 4. Comparisons between scanning and stationary beam transients.
Second-order autocorrelations recorded using the refractive beam scanning
apparatus with 75 fs duration pulses (top panel) agree within their uncertainty.
Pump–probe transients of IR-125 recorded using the reflective beam scanning
apparatus with 28 fs pulses (bottom panel) are 0.7%±0.4% (uncertainty is the
standard deviation) larger under scanning than stationary beam conditions,
as expected based on the repetition rate, excitation probability, photoprod-
uct yield, and photoproduct lifetime. The difference between scanning and
stationary beam transients is offset by �0.25 for clarity.

(BBO) crystal was used, and the resulting autocorrelation
showed no apparent difference compared to the stationary-
beam autocorrelation. The RMS deviation (see supplemen-
tary material) between scanning- and stationary-beam auto-
correlations was 0.34%, which is less than the 0.39% devi-
ation between two stationary-beam autocorrelations taken
under equivalent conditions. Fitting a Gaussian function to
the autocorrelations from T = �100 fs to 100 fs gives dif-
ferences between the scanning- and stationary-beam auto-
correlations of 1.2% in maximum signal, 0.074 fs in time
zero, and <0.1 fs in autocorrelation width. The same com-
parison applied to two equivalent stationary-beam autocor-
relations yields a difference of 0.4% in maximum sig-
nal, 0.42 fs in time zero, and 0.27 fs in autocorrelation
width.

To demonstrate that beam scanning does not distort their
shape or amplitude, pump–probe transients (Fig. 4) of the laser
dye IR-125 in ethanol were taken using the reflective beam
scanning apparatus both with the space-filling pattern and
with stationary beams. For the experimental conditions used
here, which were chosen to minimize photoproduct buildup
for stationary beams, the stationary beam measurement is
expected to yield 0.8% less pump–probe signal than an equiv-
alent measurement in the zero resampling rate limit due to
the small buildup of a long-lived photoproduct when repeti-
tively exciting the same sample volume (see supplementary
material). The time step size was 10 fs and comparisons were
restricted to pump–probe time delays between �500 fs and
500 fs. As with the autocorrelation measurements above, mul-
tiple (10 each) scans were acquired while alternating between
scanning- and stationary-beam conditions to enable estima-
tion of the measurement uncertainty. Since similar errors
occur within each set, a 1.2 fs time zero shift was attributed
to translation stage repeatability and removed. The result-
ing stationary-beam transient has 0.7% ± 0.4% (uncertainty
is the standard deviation) lower signal, which agrees with
the expected difference within the uncertainty. Importantly,
the periodic scan pattern has not contaminated the pump–
probe transient, as demonstrated by the precise replication
of the multiple vibration quantum beat pattern between data
sets.

It can be seen in Fig. 3 that the outward-travelling and
inward-travelling spirals cross over one another several times
within the pattern. This motivated further characterization of
the bidirectional space-filling spiral pattern to quantify the
effect of this intra-pattern focal spot overlap. First, the spatial
and temporal coordinates of each focal spot within a single
cycle of the pattern are calculated for a given set of pattern
parameters. Second, the partial overlap H i ,j between focal
spots i and j in the scan pattern is calculated for integers i,j
from 0 to N � 1. If the photoproduct buildup is small and can
be approximated as linear in the pulse energy, one can aver-
age the partial overlaps with the same resampling time interval
over all the different spots in the pattern. For a pattern with N
focal spots, there are N resampling time intervals, each with
an integer index, n = j � i, ranging from 1 to N in order of
increasing duration. The partial overlaps for focal spot pairs
with equal resampling time intervals are then averaged, yield-
ing the average partial overlap at each resampling time interval
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within the pattern,

Hn =
1
N

N−1∑
i=0

Hi,i+n, (2)

where i + n is interpreted as (i + n) modulo N .
The result of this analysis for typical experimental condi-

tions is illustrated in Fig. 5. A pattern diameter of 3 mm mimics
that of the experiment, wherein the pattern size was restricted
in order to avoid light scattering defects on the sample cell,
decreasing the number of spots in the spiral. The data point at
the end of the pattern with a height of 1 is the “perfect” overlap
that occurs between any two laser focal spots separated by one
complete cycle of the pattern, and its value serves as a refer-
ence level for comparison to the average partial overlaps that
occur at shorter intervals within a single cycle of the pattern.
The second highest average partial overlaps, compared to the
maximum at n = N, occur at n = 1 and n = N � 1. These points
represent the shot-to-shot overlap between immediately sub-
sequent focal spots and have equal values (∼0.15) due to the
cyclic average. This mirror symmetry extends to all points in
the pattern and obeys the relationship Hn = HN�n. Outside of
the points at n = 1 and N � 1, no other resampling time interval
has an overlap of more than 1.8% of the peak, and only 416
out of 5027 resampling time intervals have an average partial
overlap of more than 0.1%. These low average partial overlaps
mean that any high partial overlaps between individual pairs of
spots (as can be seen in Fig. 3) are balanced out by many lower
partial overlaps between other individual pairs of spots with
the same resampling time interval. The sum of the partial over-
laps in one complete cycle of this pattern is

∑N
n=1 Hn = 3.17. If

a photoproduct has a lifetime much longer than the periodicity
of the pattern, then the average resampling rate

kresampling = kpattern

N∑
n=1

Hn, (3)

FIG. 5. A simulation of the average overlap Hn between laser focal spots at
every resampling time interval index n during one cycle of the bidirectional
space-filling spiral pattern (n= 1, . . . , N). This particular pattern has 5027
points, a period of 0.503 s, and an average resampling rate of 6.30 s�1. Center-
to-center spot separation, d = 50 µm; laser repetition rate, klaser = 10 kHz;
full-width at half-maximum of Gaussian focal spot, wfwhm0 = 42µm; maximum
spiral radius, rmax = 1.5 mm; desired minimum spiral radius, r′min = 0.5 mm.
The inset is a close-up view that shows the first half of resampling time intervals
(up to n = 2513) since the two halves are mirror images.

where kpattern is the pattern repetition rate, can be used to
calculate a time-averaged photoproduct concentration. The
average resampling rate approaches the pattern rate as the
ratio of focal beam waist to spot separation goes to zero
(wfwhm0 /d→ 0). For the pattern in Fig. 5, the average resam-
pling rate is 6.30 s�1, which is about a factor of 3 faster than
the pattern repetition rate [(2tmax)−1] of 1.99 s�1. On average, at
10 kHz this resampling rate corresponds to the accumulation
of one perfect overlap after every 1700 shots. By compari-
son, a circular pattern (like that scanned by a spinning lens18)
with the same radius and spot separation would yield a pattern
repetition rate of 53.2 s�1 and an average resampling rate of
68.2 s�1.

The choice of pattern parameters and laser spot size natu-
rally depends on the system under study. If the sole concern is
a long-lived excited state, then immediately subsequent pulse
overlap can be minimized by decreasing w0/d. On the other
hand, one can minimize buildup of a minor photoproduct with
a lifetime longer than the pattern period (e.g., quantum dots) by
decreasing kresampling. The above scan pattern was optimized
for this purpose. The relatively high shot-to-shot partial over-
lap above is neutralized by phased lock-in detection at klaser/4,
which precisely cancels signals from the prior pump pulse and
current probe pulse (for each cycle of 4 probe pulses, such
signals occur once with the pump on and once with the pump
off, and thus cancel).

In principle, scanning noncollinear beams over an area of
the sample can cause variations in their relative time delay.
While scanning the FSM in the horizontal symmetry plane
(perpendicular to the plane containing the pump and probe
beams) cannot cause a change in relative beam timing, ver-
tical scanning (in the plane containing the pump and probe
beams) can cause small changes in delay. A two-dimensional
ray tracing simulation of pump and probe beam paths in the
reflective optics implementation (for rmax = 3 mm, 2.9◦ beam
crossing angle, and f = 20 cm) predicts only small variations
in pump–probe delay (<0.16 fs) and focal surface flatness
(<6 µm) over the full range of the scan pattern. This estimate
should be accurate as long as the sample cell is aligned so
that it contains the plane of maximum pump–probe overlap
(for example, by the method described in the supplemen-
tary material) to within ±sin−1[L/(2rmax)] (=±9.6◦ for path
length L = 1 mm and rmax = 3 mm). A variation in delay of
0.16 fs is less than 6% of a period of 800 nm wavelength
light (2.67 fs), suggesting that sample exchange by beam
scanning might be appropriate even for noncollinear spectro-
scopic techniques requiring interferometric stability of pulse
delays, such as 2DFT spectroscopy.28 In addition, 0.16 fs is
much less than the calculated crossing-angle delay smearing29

δt = α0wfwhm0 /c= 3.5 fs, where 2α0 = 2.86◦ is the crossing
angle between beams, wfwhm0 = 42 µm is the diameter of the
beam focal spot, and c is the speed of light.

V. CONCLUSIONS

A new sample exchange technique that uses a computer-
controlled fast steering mirror to scan laser beams across a
sample cell was designed, constructed, and characterized for
refractive and reflective optics. A bidirectional space-filling
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spiral scan pattern enables low resampling rates (6.30 s�1 at
klaser = 10 kHz) with negligible partial overlaps while avoid-
ing subsequent shot-to-shot overlap. Compared to the spinning
lens technique,18 which can probe a stationary sample around
a circular path, the scanning beam approach can probe an
annulus, thus allowing longer resampling times in stationary
samples. Beam scanning has a negligible effect on pump–
probe focal spots and timing. Ray tracing predicts less than
0.16 fs timing variation and measurements of these effects are
all below measurement uncertainty (0.4 fs for timing varia-
tion). Time domain filtering, frequency domain filtering, and
varying the data sampling rate were found to be valuable in
mitigating noise from spatial variations of the sample. Shot-
to-shot sample exchange at a laser repetition rate of 10 kHz
was demonstrated and rates of up to 100 kHz are possible.

Sample exchange by beam scanning can limit repeti-
tive excitation for sample cells of practically all sizes and
shapes, enabling measurements for which it is either incon-
venient or impossible to move the sample relative to the light
source, such as cryostats and other bulky or heavy sample
cells. The flexibility in scan pattern opens up the possibil-
ity of using the resampling rate as an adjustable experimental
parameter to measure dynamics. In addition, beam scanning
can be used in concert with other sample exchange tech-
niques, such as flowing,2–4,11,14–16 stirring,17 translating,4,11–13

or spinning,1,6–10 to further slow the resampling rate without
sacrificing shot-to-shot sample exchange.

SUPPLEMENTARY MATERIAL

See supplementary material for more information about:
refractive setup optimization; the proposed ideal refractive
implementation; reflective setup optimization; the scan pat-
tern; sources of noise and noise mitigation; characterization of
phase stability, pump–probe beam overlap, transient signals,
and intra-pattern overlap; treatment of IR-125 relaxation; and
extensions for use with multi-channel detection.
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