Chapter 7

Components of Optical Instruments

•
Instruments for optical spectroscopy include instruments which detect EM radiation in the ultraviolet (UV), visible, and infrared (IR) regions of the EM spectrum. Although UV and IR instruments are not technically optical techniques, since they are outside the visible region of the EM spectrum, they are included in this class because their design is similar to visible spectrophotometers.

•
Optical spectroscopic methods are based on six phenomena:

1)
absorption

2)
fluorescence

3)
phosphorescence

4)
scattering

5)
emission

6)
chemiluminescence

I.
General Design of Optical Instruments
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Figure 7-3 (a) Sources and (b) detectors for spectroscopic instruments.
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•
All of these instruments contain the same five basic components (source, sample holder, wavelength selector, detector, and signal processor) but differ in the configuration of these components.

•
The construction of optical instrument components are selected from their performance characteristics and the spectral bandwidth in which they are useful.

•
Five Basic Optical Instrument Components:

1)
Source -
A stable source of radiant energy at the desired wavelength (or  range).

2)
Sample Holder -
A transparent container used to hold the sample (cells, cuvettes, etc.).

3)
Wavelength Selector -
A device that isolates a restricted region of the EM spectrum used for measurement (monochromators, prisms, & filters).

4)
Photoelectric Transducer -
(Detector) Converts the radiant energy into a useable signal (usually electricity).

5)
Signal Processor & Readout – Displays the transduced signal on a readout device such as a meter, digital readout, chart recorder, computer, etc.

•
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ranges of optical instrument components.
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II.
Sources of Radiation -
Generate a beam of radiation that is stable and has sufficient power.

A.
Continuum Sources -
emit radiation over a broad wavelength range and the intensity of the radiation changes slowly as a function of wavelength.

•
This type of source is commonly used in UV, visible, IR, and fluorescence instruments.

•
Deuterium lamp is the most common UV source.

•
Tungsten lamp is the most common visible source.

•
Glowing inert solids are common sources for IR instruments.

•
High pressure, gas filled (argon, xenon, mercury) lamps are used when an intense source is required (i.e. fluorescence)

B.
Line Sources -
Emit a limited number lines or bands of radiation at specific wavelengths.

•
Used in atomic absorption spectroscopy, atomic and molecular fluorescence spectroscopy, and Raman spectroscopy.

•
Usually provide radiation in the UV and visible region of the EM spectrum.

•
Types of line sources:

1)
Hollow cathode lamps

2)
Electrodeless discharge lamps

3)
Lasers -
Light ​a​mplification by stimulated emission of radiation
II.
Wavelength Selectors

•
An ideal wavelength selector would output a single (line) wavelength or frequency of radiation. Realistically this is impossible. Wavelength selectors output a limited, narrow, continuous group of wavelengths called a band.

•
The quality of a wavelength selector is measured by the inverse of the effective bandwidth.
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Figure 7-1 Components of various types of instruments for optical spectroscopy:
(a) absorption; (b) fluorescence, phosphorescence, and scattering; (c) emission and chemi-

luminescence.




•
Effective bandwidth is defined as the peak width at half height of a plot of the output of a wavelength selector (% transmittance) as a function of wavelength.

•
Two types of wavelength selectors:

A)
filters

B)
monochromators

A)
Filters

•
Two types of filters:

1) Interference filters

2) Absorption filters

1)
Interference Filters

•
Rely on constructive and destructive interference in order to select a narrow bandwidth of radiation.

•
Constructed of a transparent dielectric layer (usually CaF2 or MgF2) sandwiched between two semitransparent metallic films and two plates of glass or other transparent material.

•
Useful in the UV, visible, and IR regions of the EM spectrum.
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Figure 7-11 Output of a typical wavelength selector.




•
Radiation will only pass through the filter if constructive interference occurs.

•
The path length of the dielectric layer is
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t = thickness of the dielectric layer

cos = angle of the incident radiation
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Figure 7-12 (a) Schematic cross section of an interfer-
ence filter. Note that the drawing is not to scale and that
the three central bands are much narrower than shown.
(b) Schematic to show the conditions for constructive in-
terference.
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•
The radiation is reinforced by constructive interference when
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n = order of interference (small integer)

’ = wavelength of radiation in the dielectric

•
The wavelength in air is  
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        = refractive index of the dielectric

•
Usually the incident angle is 0°  (cos 0° = 1)

•
So the wavelength of radiation transmitted in air by the filter is


[image: image6.wmf]n

h

l

t

2

=


•
Orders of radiation:



Order

[image: image29.jpg]100 —

- Effective
bandwidth = 45 A
80 —
| m Effective
bandwidth = 45 A
60 = Effective Effective
bandwidth

bandwidth = 15 A

40 " “T—
B '/2
20 Peak
helght
0 | [

5090 51 10 6215 6225 6940 6960
Wavelength, A

Percent transmittance
I

Figure 7-13 Transmission characteristics of typical inter-
ference filters.
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•
Colored glass is commonly used to remove unwanted orders of radiation. 
•
Performance Characteristics

Typically the effective bandwidth is ~ 1.5% of the wavelength of peak transmittance and % transmittance decreases as bandwidth decreases.

Interference Wedges
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•
Used to select various bands of radiation by moving the incident radiation across the filter.

•
Typical bandwidths of  20 nm.

2)
Absorption Filters

•
Cut-off (band pass) filters which have 100% transmittance over a visible region and rapidly fall off to 0% transmittance.

•
Commonly used in visible spectrophotometry.

•
Normally constructed of colored glass or a dye in a gelatin.
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•
Often two absorption filters are paired to give a narrower band of transmittance.

B)
Monochromators – Designed for spectral scanning.

•
Scanning -
Varying the wavelength of radiation over a considerable range.

•
Used in most scanning spectrometers including UV, visible, and IR instruments.
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•
Prisms were the dispersion elements in older instruments but the dispersion of radiation is nonlinear as a function of wavelength (i.e. dispersion increases as wavelength shortens).
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•
Virtually all modern instruments incorporate grating in their monochromators because gratings are cheaper and disperse radiation linearly as a function of wavelength.
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•
Components of a Monochromator:

1)
Entrance Slit – 
provides a rectangular optical image of the incoming polychromatic radiation.

2)
Colliminating Lens or Mirror -
provides a parallel beam of radiation that impinges upon the dispersive element.

3)
Prism or Grating -
(dispersive element) disperses the polychromatic radiation by the process of diffraction.

4)
Focusing Lens or Mirror - 
Focuses the dispersed radiation on the exit slit.

5)
Exit Slit -
Isolate the wavelength band of interest.

•
Echellette Grating -
A grooved or blazed mirror that has relatively broad faces upon which reflection occurs and narrow unused faces.

•
In order for constructive interference to occur between beams 1 and 2 their path lengths must differ by some multiple (n) of the wavelength ().
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•
Maximum constructive interference will occur when:
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•
The angles CAB = i and DAB = r


so from the geometry:
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•
Therefore:
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where:  d = distance between blazes; i = incident angle; r = reflection angle

Example:
A diffraction grating contains 2500 blazes/nm.

A)
What is the wavelength of the 1st order diffraction line when the reflection angle is 5° and the incident angle is 50°?

B)
What is the wavelength of the 2nd order diffraction line for the same angles of reflection and incidence?

C)
Assuming an incident angle of 50°, what reflection angle is required to give a 1st order diffraction line of 290 nm?

Echelle Monochromators

•
A double dispersing monochromator that provides higher dispersion and higher resolution than a conventional monochromator.
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•
The two dispersing elements are an echelle grating and commonly a low dispersion prism.
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•
The echelle grating utilizes the shorter faces of the blazes and much higher incident and reflective angle.

• 
Due to the lower resolution and the high incidence angle of the echelle grating, higher order diffractions (n = 20-120) are utilized. 
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•
The dispersion spectrum from the double dispersion results in a two-dimensional dispersion spectrum. Therefore, in order to focus a particular wavelength on the exit slit, the angles of both the grating and the prism must be adjusted. 

•
A limitation of using high diffraction orders is low light gathering power.

 Performance Characteristics of Monochromators

•
Quality of a diffraction grating depends upon four factors:

1)
Purity of the radiant output

2)
Resolution

3)
Light gathering power

4)
Spectral bandwidth

1)
Spectral Purity -
The purity of the exit beam from the Monochromator.

•
Exit beams are usually contaminated with some quantity of scattered or stray radiation of a different wavelength than the preferred wavelength.

•
Sources of impurities:

-
Reflections of the radiation beam from various optical components due to mechanical imperfections.

-
Scattering due to dust particles in the optical path.

2)
Resolution -
The ability of a monochromator to resolve different wavelengths.

•
Resolution depend on the dispersion of the grating.

•
Figures of Merit:
a)
Angular dispersion -
The change in the reflection angle as a function of the wavelength of radiation (dr/d).
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b)
Linear dispersion -
Variation in the wavelength as a function of the distance between blazes in the grating.
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D-1 is usually expressed in nm/mm or Å/mm

F is the focal length (distance between grating and slit)

c)
Resolving Power -
The limit of the monochromators ability to separate slight differences in wavelength.
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Where:
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 = average of two wavelengths


difference between the two wavelengths


N = # of blazes illuminated on the grating


n = diffraction order

Resolving power improves with:

-
Longer gratings

-
More blazes

-
Higher diffraction orders
3)
Light Gathering Power -
A measure of the amount of radiation that reaches the detector.

•
The more radiant energy that reaches the detector the greater the signal-to-noise ration of the resulting measurement.

•
The figure of merit associated with light gathering power is known as the f/number (f-over-number).
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F = focal length of the colliminating mirror

d = diameter of the colliminating mirror

•
Light gathering power increases as a function of the inverse square of the f/number.
For Example: A monochromator with f/2 gathers four times more light than an f/4 monochromator.

4)
Spectral Bandwidth -
The bandwidth of radiation that is output by the monochromator.
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•
Usually expressed as the effective bandwidth of the sharpest peak in a spectrum.

•
Bandwidth of a monochromator is most affected by the width of the entrance and exit slits of a monochromator.

Monochromator Slits

•
Two pieces of carefully machined metal to give sharp edges that are exactly parallel to one another.

[image: image39.jpg]Electrons

Wire anode

Photon beam
Cathode

DC amplifier

and readout

90 V DC
power supply

Figure 7-27 A phototube and accessory circuit. The pho-
tocurrent induced by the radiation causes a potential drop
across R, which is then amplified to drive a meter or
recorder.



•
Commonly the slits are connected to a micrometer mechanism so the slit width can be adjusted.

•
The effective bandwidth of the radiation exiting a monochromator is directly proportional to the slit width.

Effect of Slit Width on Resolution
•
The slit width must be  ½ the distance between the to wavelengths of radiation to be resolved.
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•
Slit width is adjusted according to the type of analysis desired. For qualitative analysis slit width is narrow in order to resolve narrow [image: image41.jpg]Glass
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Figure 7-26 Schematic of a typical barrier-layer cell.



peaks.
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•
For quantitative analysis, slit widths are increased to improve the light gathering power or intensity of the output radiation.


III.
Radiation Transducers (Detectors)

•
Early detectors in spectroscopic instruments were the human eye or photographic plates or films. Modern instruments contain devices that convert the radiation to an electrical signal.

A.
Types of Radiation Transducers and Ideal Properties

1.
Two general types of radiation transducers

a.
Photon detectors

b.
Thermal detectors

a.
Photoelectric (or quantum) detectors have an active surface, which is capable of absorbing EM radiation.

•
In some of these detectors the absorbed radiation causes the emission of electrons which results in a photocurrent.

•
Other types of these detectors the absorption of radiation promotes electrons into the conduction band of a semicondutor thus enhancing conduction (photoconduction).

•
Photoelectric detectors are commonly useful in ultraviolet, visible, and near infrared instruments.

b.
Thermal detectors measure the heat induced by the impinging radiation.

•
Commonly used in infrared instruments.

2.
Properties of an ideal detector

a.
High sensitivity

b.
High signal-to-noise ratio

c.
Constant response over a large range of wavelengths

d.
Fast response time

e.
Electrical signal (S) produced is proportional to the radiant power (P)
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•
In reality these transducers have a small, constant response in the absence of any radiation known as the dark current (kd). So the relationship between signal and radiant power is expressed by:
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•
Instruments are usually equipped with compensating circuitry that reduces or eliminates kd.
B.
Photon Detectors

•
Several types of photon detectors are available:

1.
Vacuum phototubes

2.
Photomultiplier tubes

3. 
Photovoltaic cells

4.
Silicon photodiodes

5.
Diode array transducers

6.
Photoconductivity transducers

•
Types 1 & 2 relay on the release of electrons from a photosensitive surface, while the remaining types incorporate light sensitive semiconductors.

1.
Vacuum Phototubes
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•
Composed of a semicylindrical cathode and a wire anode inside of an evacuated, transparent tube.

•
The cathode is coated with a photoemissive material (e.g. Ga/As) that emits electrons when struck by EM radiation.

•
By applying a potential across the cathode and anode, the electrons will flow from the cathode to the anode resulting in a photocurrent.

•
The photocurrent is amplified and sent to a readout device.

•
The power of the incident radiation impinging upon the cathode is directly proportional to the current of electrons induced in the phototube.

2.
Photomultiplier Tube (PMT)

•
Works on the same principle as the vacuum phototube.

•
Useful for the measurement of  low radiant powers.

•
Contains several additional electrodes known as dynodes, each capable of releasing electrons.

•
The cathode will emit electrons that are focused on an array of dynodes. Each dynode subsequently releases more electrons resulting in a multiplication of the electron flow that ultimately reaches the anode.

•
One photon of radiation results in 106 to 107 electrons reaching the anode.

3.
Photovoltaic Cell

•
Constructed of a semiconducting layer (Se) deposited on an iron or copper cathode and the semiconductor is coated with a thin metallic layer (Au or Ag), which serves as the anode. 
•
When radiation reaches the semiconductor, covalent bonds are broken resulting in conduction electrons and holes.

•
The electrons flow towards the metallic layer (anode) and the holes flow towards the base of the semiconductor (cathode). The electrons then flow through the circuit resulting in a current that is proportional to the power of the radiation.

•
Maximum sensitivity at 550 nm and falls of at 350 nm and 750 nm, so they are most useful for visible radiation.

•
Cheap and rugged. Most commonly used in portable instruments.

4.
Silicon Photodiodes

•
Consists of a reverse-biased pn junction on a silicon chip.

•
The reverse bias creates a depletion layer at the pn junction so the conduction is ~0.

•
When radiation impinges on the chip, holes and electrons form in the depletion layer and a current flows that is proportional to the power of the radiation.

•
More sensitive that vacuum phototubes but less sensitive than photomultiplier tubes.

5.
Diode Array Detectors

•
Multi-channel detector made up of an array (one-dimensional or two-dimensional) of photosensitive silicon diodes on a single silicon chip.
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•
The array is placed in the focal plane of a grating or prism allowing the detection of all of the lines of a spectrum simultaneously.

•
Eliminates the need for a monochromator.

•
The arrays can be composed of 64 to 4096 individual diodes (usually contain 1024 diodes).

Instruments utilizing diode arrays


•
Revolutionizing UV-vis instrument design by making possible the miniturization of the spectrometers.


C.
Thermal Detectors

•
Used for infrared spectroscopy because photons in the IR region lack the energy to cause photoemission of electrons.

•
Three types of thermal detectors

1.
Thermocouples

2.
Bolometers

3. 
Pyroelectric transducers

1.
Thermocouples -
Consist of a pair of bimetal junctions whose potential (voltage) varies as a function of temperature.
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•
Usually constructed of two copper leads fused to a dissimilar metal such as constantan.

•
Thermocouples have a slow response time. They are more common in older scanning IR instruments but are not well suited for FT-IR.

2.
Bolometers -
Constructed of strips of metal (platinum or nickel) whose resistance () changes as a function of temperature.

3.
Pyroelectric Transducers -
Constructed of crystalline wafers (triglycine sulfate, TGS) that have a strong, sensitive temperature dependent polarization.

•
TGS crystals have a fast response time and are suitable and commonly used as detectors for FT-IR.
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