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Sources
Laser sources: (spanning UV to Near-IR)
HeCd laser (325 nm)
5 W Ar+ laser (364, 488, 514 nm)
Visible Dye laser (500 - 650 nm)
HeNe lasers (633 nm, 30 mW)
Mira 900 Ti:Sapphire (750 - 950 nm)
Legend Amplified Ti:Sapphire w/ OPA
2.5 mJ, 130 fs pulses at 1 kHz (800 nm)
OPA makes laser tunable from UV to NIR

Nd:YAG (1064, 532, 355, 266 nm)
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Analyzers,
Detectors
0.75 m McPherson Spectrometer
0.25 m Acton Spectrometer
Acton TriVista Raman Spectrometer
LN2 cooled spec-10 CCD (300 – 900 nm)
LN2 cooled InGaAs array (800 – 1700 nm)
Several fast and large area photodiodes
Balanced photodiode detector
Streak camera (2 ps resolution)
Photomultiplier tubes

Energy Range of Optical Spectroscopy
Probes
Faraday reflection and transmission probes
Voigt reflection and transmission probe
Magneto-optical Kerr Effect (MOKE) probe
SCM3 fast optics probe (w/ graded index fiber)
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Discrete nature of light:
Photons are discrete “chunks” of energy, i.e. quanta
Electrons can make transitions between discrete energy levels either by
absorbing or emitting a photon, so we can detect the electronic organization
of materials (crystal field, spin-orbit, band gaps, Zeeman effect).
Photons have momentum and can scatter elastically or inelastically from
different types of excitations (phonons, magnons, orbitally-ordered states)
Wave nature of light:
Polarization describes the time-varying electric field of a light wave
Polarization can be affected by dielectric properties and magnetic moments
(magnetization and crystal structure)
A light wave with high intensity can probe non-linear light-matter
interactions
(anti-ferromagnetic symmetry)

Using a Spectrometer
Important points to
consider when using
a spectrometer:
Dispersion: change of diffraction angle per unit change of the wavelength.
High dispersion can be achieved by a grating with a large groove density
or a low groove density grating at a higher diffraction order.
Resolving power: ability of spectrometer to separate two adjacent
spectral lines.
R = mN (m is diffraction order, N is number of illuminated grooves)
Bandpass: how much spectral bandwidth is being seen for a given
wavelength position
B = RLD x W0 (RLD is reciprocal dispersion (nm/mm) and W0
is output image width

Gratings: Some Important Results
A higher groove density grating improves spectrometer resolution because
it increases the dispersion, or angular separation of the wavelengths.
However, it is also important to make full use of the size of the grating.
This is because the width of the diffracted maxima are narrowed according
to the number of illuminated lines, N.
d sin (θ) = mλ

θ ~ mλ/d

Angular separation of maxima
The angular separation of the
wavelengths is fixed by the
groove density of the grating.
This does not change regardless
of how many grooves are
illuminated

Gratings: Some Important Results
How about the separation of the maxima of different wavelengths at the
same diffraction order?

θ ~ mλ/d

Δθ ~ mΔλ/d

In order to resolve this small change in wavelength, this angular
separation must be larger than the angular width of the maximum at λ.

Δθλ ~ λ/Nd
mΔλ/d > λ/Nd
Δλ/λ > 1/mN

Angular width of the maximum at λ
Condition for resolving lines at λ and λ+Δλ

R = mN > λ/Δλ

Resolving power of a grating increases with the diffraction order and the
number of illuminated lines. Spectrometers with long focal lengths and
narrow slits also assist in obtaining the highest performance from a
grating

Using a Spectrometer
Example:

1200 g/mm, 110 mm, at 500 nm, 1st order diffraction

Resolving power: 1200 g/mm x 110 mm = 132,000
Theoretical bandpass: 500 nm / 132,000 = 0.0038 nm (resolution limit)
Spectral bandpass: 0.9 nm/mm x 0.1 mm (slit width) = 0.09 nm ~ 0.5 meV
Linear dispersion: [106 x cos(β)]/[(1)(1200 g/mm)(750 mm)] = 0.9 nm/mm
So, to achieve maximum spectral resolution:
1. Use a large grating (fully illuminated) with dense rulings
2. Use a spectrometer with a long focal distance
3. Reduce the entrance slit width as much as is practical
What about ruled vs holographic gratings?
For ruled gratings, blaze wavelength is where you get highest reflectivity
Typically use holographic grating when groove density of 1200
g/mm or higher is required in UV-VIS-NIR applications

Picking the right detector:
What is the spectral operation range?
What is the relationship between the incident photon energy
and the electrical response of the detector?

What is the responsivity?
This is the ratio of the output electrical signal to the input
power. This will be highly dependent on the wavelength of
input light.

What is the time constant?
Photodiode internal
capacitance usually
increases with
surface area.

What is the noise equivalent power?
This is the incident power of light required to produce a
signal equal to the noise in the detector
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in Photodetectors
Three types of noise important to consider in optical sensors:
Dark current
Due to thermal emission of electrons by the photocathode, varies
with time, can be reduced by minimizing the area of the detector
and cooling the sensor
Shot noise
Noise source associated with the discrete nature of current
If the current produced by illuminating the detector is smaller than
the shot noise associated with the dark current, then the signal is not
detectable with the sensor
Johnson noise
Due to the thermal motion of electrons through the various
internal resistances of the sensor, generally creates less
uncertainty than created by dark current and shot noise.
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in Photodetectors
Let’s do an example:
Suppose a photodiode has a dark current, ID = 2 nA, a
shunt resistance of 500 MΩ, responsivity of 0.5 A/W, and
assume 1 Hz bandwidth

IS = (2eID)1/2 = 2.5 x 10-14 A Shot noise current
IJ = (4kT/R)1/2 = 5.6 x 10-15 A Johnson noise current
IN = (IS2 + IJ2)1/2 = 2.6 x 10-14 A Total Noise current
NEP = IN/Rλ = 5.1 x 10-14 W Noise equivalent power
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S/N Ratio
Averaging
Collection of photons by a photodetector is a Poisson process.
Therefore, S/N ~ Sqrt(#N) [#N, is sample size], 100 samples
improves S/N by a factor of 10.
But, requires longer measurement times…
Lock-in
Amplifier

…typically operate few Hz to 100 kHz
Signal + noise (signal independent of time,
noise is random)
Introduce mechanical chopper to modulate
excitation at a specific frequency
Now signal develops same
frequency dependence as excitation
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Common
of Noise
Avoid mechanical chopping in noisy regimes…
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S/N Ratio
Boxcar Integrator
What happens if signal cannot be made into an amplitude modulated
ac waveform?
What if the rise/fall time of the signal exceeds the available bandwidth?
What if we want to exclude some part of the signal?
A Lock-in is not helpful for these types of signals
General operational scheme of a boxcar integrator
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Measuring
Ultrafast
Pulses
Lock-ins, Boxcar Integrators, and Digital Oscilloscopes provide
the flexibility to measure in the ns – ms regime….
However, what about ps duration pulses?
Streak Camera
Operational scheme of a streak camera
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Remember that the output of photodiodes and PMTs is current!
These detectors output a current that is proportional to the intensity
of incident light.
However – Lock-ins, Boxcar integrators, and Digital
oscilloscopes measure variations in voltage!
***So, one must first convert the detector current into a voltage.***
Amplifiers are engineered with a large input impedance…
High-frequency roll-off of an RC circuit, fc ~ 1/R…
So, one might inadvertently filter away the signal to be measured!
…this is one of the reasons you have 50Ω BNC terminator caps
Alternatively, one can use a transimpedance circuit in a current preamplifier to obtain the desired gain vs. high-frequency cut-off
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Taking the transimpedance amplifier as part of the detector circuit will
introduce additional noise, raising the noise equivalent power, NEP.
Remember that the NEP is the ratio of the noise current to the
detector responsivity at a particular wavelength.
There are now additional noise sources:
Noise voltage of the amplifier
Johnson noise of the feedback resistor, Rf
Cf

Amplifier noise current flowing through Rf
In general, NEP can be reduced by
increasing Rf, picking an op-amp with a
small Ibias, and decreasing Cf
Cf must be reduced when
increasing Rf to maintain bandwidth
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An op-amp is a differential amplifier:
We can use this same idea in optics to achieve a high rejection ratio of
common mode noise – eliminate noise that is common to both input
channels of the amplifier.
Good technique for low-level signals appearing on
top of a large, steady background. The
measurement is still vulnerable to dc drift in
background. A larger amplifier gain can be
employed since one is no longer amplifying the large
(constant) background.
For example, random fluctuations in light source
intensity around an average output intensity can be
filtered via this technique. Of course, since the signal is
likely proportion to the average intensity, any drift in the
average will still lead to an error.
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So, how do I use the probes and light sources…?
We have a user wiki containing how-to articles
on specific types of experiments, manuals for
equipment in the optics facility, as well as
diagnostics for major equipment.
This wiki can be accessed from the dc
operations wiki using the links for the optics
section.
We also plan to have a section where users
can upload important hints and reminders for
their own future visits, as well as for the
benefit of others.
Some images in presentation adapted from An Introduction
to the Optical Spectroscopy of Inorganic Solids by J. Garcia
Solé, et al.

