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Abstract 

Femtosecond pump-probe spectroscopy currently uses the lock-in method to measure optical 

properties of samples. However, the development of a fast-scanning system would yield a higher 

signal-to-noise ratio and therefore more sensitive interrogation of samples. The main component 

of this system is a commercial mechanical vibrator, to be implemented in the pump arm of the 

experimental setup. This device was fitted with a small mirror and its motion was optically 

characterized in three dimensions. Beam jitter was minimized by adjusting the mirror mount and 

through optical techniques. The fast-scanning system was successfully applied to the 

measurement of transmission properties of carbon nanotubes. 

 
 

Introduction 

Ultrafast lasers emit light in extremely short pulses every 10-100 femtoseconds (1 

fs = 10-15 s). These lasers allow analysis of optical properties like the reflectivity of a 

material [1], the investigation of phase transitions [2], black holes [3], and the motion of 

electrons in circuits, as well as imaging and surgical techniques in future biophysical 

applications [4]. 

Pump-and-probe spectroscopy is an experimental technique used to measure 

certain dynamic properties of a sample, such as reflection, transmission, polarization, or 

frequency shift. In this process, a femtosecond laser beam is split into two unequal beams 

– a “pump” and a “probe.” The high-intensity pump beam excites the sample, while the 

low-intensity probe beam examines a region within the pump spot on the sample’s 

surface. The sampling beam is then collected by a photodiode and analyzed by a personal 

computer. The probe beam is delayed with respect to the pump beam; this delay is 

controlled as desired and allows the probe beam to collect data on the sample’s evolution 

over time. 



This project involves the development and characterization of a fast-scan system 

that will improve the signal to noise ratio in pump-and-probe experiments. Currently, the 

lock-in method is used in which pulses approximately 10ns apart are collected. However, 

this method is subject to slow frequency drifts (“noise”) that inhibit data analysis. Laser 

amplitude fluctuations are proportional to the inverse of the frequency, so by using fast 

signal averaging to increase the frequency, laser fluctuations will be minimized, as shown 

in Fig. 1. 

The fast-scan system consists of a small mirror mounted to the drive arm of a 

mechanical vibrator, or a “shaker,” which is powered by a signal generator. The laser 

beam enters nearly normal to the mirror, and is reflected at a small angle while the mirror 

attached to the drive arm of the shaker is oscillating. The goal is to maximize the 

amplitude and frequency of the shaker while minimizing the resulting beam wobble. The 

amplitude of motion is dependent on both the frequency at which the shaker is driven and 

the load mounted on the end of the drive arm.  

 

Fast-scan system design 

The main component of the fast-scan system is the shaker, which is a commercial 

mechanical vibrator that involves piston motion, ideally along one axis (see Fig. 2). The 

initial step of this project was the development of the shaker itself. The most feasible 

option was a mechanical vibrator available from PASCO Scientific. The internal 

construction of the shaker is a magnetic coil attached to a paper cone; the drive arm is 

affixed to the center of the cone. A signal generator drives the shaker arm where the 

frequency of oscillation and signal amplitude can be controlled. 



The motion of the drive arm corresponds to a forced harmonic oscillator with 

damping, which can be described by the differential equation, 

(1) ( )θω +=++ tFkx
dt

dx
b

dt

xd
m cos02

2

, 

where m = mass, x = position, b = resistive constant, k = spring constant, F0 = applied 

force amplitude, ω = frequency, t = time, and θ = phase shift. The solution to that 

equation is as follows: 
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01 . The impact of this oscillatory behavior is that the amplitude of 

motion of the drive arm is inversely proportional to the weight loaded on the arm, and the 

resonance frequency is inversely proportional to the square root of the mass loaded [5]. 

 

Major axis motion characterization 

The amplitude measurements were made using optical sensing techniques. The 

drive arm of the shaker was aligned so that it was partially blocking the width of a 

horizontally diverging helium-neon laser beam, and the beam was perpendicular to the 

motion of the shaker. An aluminum plate was designed to mount the base of the shaker to 

a translation stage. The resultant beam was focused and directed into a photodiode 

attached to a 10kΩ resistor, and the voltage was read off an oscilloscope (see Fig. 3). The 

width of the beam that the drive arm blocked was found to correspond linearly with this 



voltage with a correlation of R2 = 0.9979. The conversion from voltage to position was 

determined by manually changing the position of the drive arm in the beam by adjusting 

the position of the translational stage with the attached micrometer. Then, the shaker was 

turned on so the drive arm oscillated within the beam, and the peak-to-peak voltage was 

measured with varying signal amplitudes from 20-50 (equivalent to 16-54V), loads from 

0-12g, and through a frequency range of 25-125 Hz. The load was increased by tapping a 

hole in the drive arm and adding bolts and nuts. 

The amplitude of the drive arm motion decreased with higher frequencies and 

heavier loads. A plot of amplitude vs frequency at various loads (see Fig. 4) demonstrates 

the amplitude peak at the resonance frequency and the following drop-off in range of 

motion. Also, note that the resonance peaks occur at lower frequencies for heavier loads. 

It is important to maximize the amplitude of motion because it corresponds to the time 

delay in the pump-probe experiment. The conversion from amplitude to time delay can be 

made using the simple relation, 
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Therefore, a 3-mm range of motion corresponds approximately to a 20-ps time delay. A 

plot of amplitude and time vs load for various frequencies shows the decrease in 

amplitude as the damping is increased (see Fig. 5), which is consistent with Eq. (1). 

Since the amplitude of the drive arm, and therefore of the time delay, decreased 

significantly with heavier loads, an extremely light mirror mount assembly was required. 

After much difficulty, a small, inexpensive mirror was located at LINOS Photonics, Inc. 

The crown glass mirror has a silver metallic coating, measures 6 mm in diameter and 1 

mm in thickness, and has a flatness of λ/4. A mount was designed to provide maximum 



stability in attaching to the drive arm, to hold the mirror securely in place, and to still 

minimize the weight added to the drive arm (see Fig. 6). The hard plastic Delrin was 

chosen because it has a lower density than aluminum and Teflon: 1.4g/cm3 compared to 

~2.7g/cm3 and 2.2g/cm3. After the mount was expertly machined by the machine shop, 

the mount, mirror, and necessary small bolts combined for a weight of ~3g.  

 

Minimization of motion along minor axes 

The next goal was to characterize the three-dimensional motion of the drive arm 

and minimize the motion along the minor axes. Ideally, the arm should only move along 

one axis. This is important in the pump-probe experiment since the probe spot on the 

sample should remain within the area of the larger pump spot. If the probe spot were to 

traverse outside of the boundary of the pump spot, the resulting measurements would be 

inaccurate for they would be taken partially on an unexcited region of the sample. 

The major axis of motion of the drive arm, which will be designated the z-axis, 

was sinusoidal if driven at frequencies greater than 40 Hz (see Fig. 7). At frequencies less 

than 40 Hz, the shaker induced feedback and caused the signal generator to produce non-

sinusoidal waveforms. The amplitude of motion along the x- and y-axes (with respect to 

the z-axis) was measured by reflecting the beam off the small mirror at a small angle and 

then directing the reflected beam into a continuous tetra-lateral detector (see Fig. 8).  

A tetra-lateral detector is made up of four electrodes on the front surface. The 

total induced photocurrent is then divided into four parts by the same resistive layer, and 

the signal is sent to an optical position sensor. The sensor determines the x- and y-

coordinates of the centroid of a light spot [6]. However, the position sensor used in this 



project was only functional along its y-axis, so only one axis could be tested at a time. 

The signal from the position sensor was then displayed on an oscilloscope, and therefore 

the beam wobble could be measured by converting voltage to position in a similar 

manner to the amplitude characterization. 

The motion in the x- and y-directions followed the same trend as the motion in the 

z-direction, decreasing after the resonance frequency (see Fig. 9). In this figure, 10x and 

100x refer to the accuracy of the position sensor resolution in the central area of the 

detector. This minor axis motion was not sinusoidal.  

To decrease the wobble, another screw was added at 90° to the first screw to 

ensure three points of contact between the mount and the drive arm and therefore add 

stability. The addition of this screw was successful in that it eliminated the multiple peaks 

in the waveform generated. 

The mounting of the shaker (i.e., on its side or upright) was also changed at this 

point in an effort to eliminate any vertical wobble due to gravity, but it was determined 

that the position was not a major contributor.  

However, it was also discovered that the reflected beam quality and stability 

depended greatly on how tightly the mirror mount cap screws were fastened. If the 

screws were fastened too tightly, they warped the mirror slightly, which deformed the 

resulting beam into an ellipse. If the screws were fastened too loosely or unevenly, the 

mirror rattled inside the mount and caused the resultant beam to wobble.  

The final minimization effort involved optically reducing the beam wobble by 

placing the position sensor (or, in the pump-probe experiment, the sample) at the focal 

point of a lens intended to focus the reflected beam. This adjustment was successful in 



bringing the wobble within acceptable limits. The remaining wobble was attributed to the 

intrinsic motion of the drive arm of the shaker itself, since its main commercial 

application is as an educational demonstration tool. 

 

Time-Resolved Nanotube Transmission Measurement 

In order to determine if the shaker would be a practical tool, it was implemented 

into a femtosecond pump-probe experiment to determine the optical properties of carbon 

nanotubes, which had not previously been tested. The experimental setup was a typical 

pump-probe setup, as shown in Fig. 10.  

The beams must overlap perfectly at the focus of the lens so that the sample can 

be analyzed at that spot. In order to accomplish spatial alignment, a microscope was used 

to visually align the spots so they overlapped exactly. For the temporal alignment (same 

path length along both the pump and probe arms), a LiIO3 crystal was placed at the focal 

point. This crystal has the unique property in that when the beams that pass through it are 

aligned correctly, it causes the second harmonic of the fundamental laser frequency to 

add constructively. As the beams diverged out of the focal point, they were initially red; 

with the addition of the crystal, they appeared light purple. The other unique property of 

this crystal is that it allows precise temporal alignment. The two mirrors at the end of the 

probe arm were mounted on a translational stage that can be controlled by an Encoder 

Mike Controller, which adjusts the stage and produces a digital readout. The crystal 

produces the effect that when the pump and probe arms have the same path length within 

1 µm, a third spot appears in between the two purple spots. 



After delicately aligning the beams both in space and time, a cross-correlation 

plot was produced on the oscilloscope with the shaker in motion, as shown in Fig. 11. 

From the figure, one can see that the signal to noise ratio is indeed large, since the peak is 

so large and easily visible compared to the background noise. 

The nanotube sample was then added in place of the crystal, with the goal of 

making a transmission property measurement. Unfortunately, a large amount of scattering 

was present, presumably from the sample itself, so limited useful data could be collected. 

 

Conclusion 

The development of the shaker design for a fast-scanning system was successfully 

implemented in a pump-probe experiment, and yielded a high signal-to-noise ratio. The 

three-dimensional motion of the shaker was characterized over a range of frequencies and 

loads. A mirror mount that minimized load on the shaker and maximized stability was 

effectively applied. Although there was some resulting beam jitter, it was minimized and 

reduced to within acceptable limits through optical techniques. 

Testing the fast-scanning system involved making a time-resolved transmission 

measurement of carbon nanotubes. Optical scattering made this measurement impractical 

within the time limits of the program, but in the future the effects of scattering could be 

corrected by using cross-polarization or other techniques. 

Nevertheless, a high-sensitivity fast-scanning system was indeed developed and 

applied to a femtosecond pump-probe spectroscopy experiment. Although the nanotube 

measurements were unsuccessful, it was due to the nature of the sample, and not the 



shaker system. Future experimentation on known samples will yield more conclusive 

evidence that this experimental technique can replace the current lock-in method. 
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FIG. 1. Typical laser amplitude fluctuations,  
dependent on 1/frequency 

 

 



FIG. 2. Side view of the mechanical vibrator 
used in the fast-scan system.
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FIG. 3. Schematic diagram of the shaker amplitude measurement setup.

 



FIG. 4. Major axis amplitude vs frequency of 
oscillation

0

1

2

3

4

5

6

20 40 60 80 100

Frequency (Hz)

A
m

pl
itu

de
 (

m
m

)
0.00g
1.85g
2.34g
3.03g
3.52g
4.21g
4.70g
5.88g
7.06g
7.63g
8.81g
9.99g
10.51g
11.69g
Mirror Mount

Load

 



FIG. 5. Major axis amplitude and time 
delay vs load
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Mirror Diameter: 6mm
Material: Delrin

FIG. 6. View of the mir ror  mount.

 



 

FIG. 7. Sinusoidal waveforms, drive arm 
loaded and unloaded
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FIG. 8. Schematic diagram of the setup used to 
characterize beam wobble.
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FIG. 9. X-axis beam displacement at detector
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Fig. 11. Pump-Probe Auto-Correlation 
Plot
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