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1.  GENERAL BACKGROUND ON MOLECULAR SPECTROSCOPY

1.1.  Introduction

Molecular spectroscopy relates to the interactions that occur between molecules and electromagnetic radiation.  Electromagnetic radiation is a form of radiation in which the electric and magnetic fields simultaneously vary.  One well known example of electromagnetic radiation is visible light. Electromagnetic radiation can be characterized by its energy, intensity, frequency and wavelength. 

What is the relationship between the energy (E) and frequency () of electromagnetic radiation? 

The fundamental discoveries of Max Planck, who explained the emission of light by a blackbody radiator, and Albert Einstein, who explained the observations in the photoelectric effect, led to the realization that the energy of electromagnetic radiation is proportional to its frequency. The proportionality expression can be converted to an equality through the use of Planck’s constant. 
E  =  h

What is the relationship between the energy and wavelength () of electromagnetic radiation?

Using the knowledge that the speed of electromagnetic radiation (c) is the frequency times the wavelength (c = ), we can solve for the frequency and substitute in to the expression above to get the following.
E  =  hc/

Therefore the energy of electromagnetic radiation is inversely proportional to the wavelength.  Long wavelength electromagnetic radiation will have low energy.  Short wavelength electromagnetic radiation will have high energy.  

Write the types of radiation observed in the electromagnetic spectrum going from high to low energy.  Also include what types of processes occur in atoms or molecules for each type of radiation.

High E, high , short : 	-rays – Nuclear energy transitions
  				X-rays – Inner-shell electron transitions
Ultraviolet – Valence electron transitions
Visible – Valence electron transitions
Infrared – Molecular vibrations
Microwaves – Molecular rotations, Electron spin transitions
Low E, low , long : 		Radiofrequency – Nuclear spin transitions

Atoms and molecules have the ability to absorb or emit electromagnetic radiation.  A species absorbing radiation undergoes a transition from the ground to some higher energy excited state.  A species emitting radiation undergoes a transition from a higher energy excited state to a lower energy state.  Spectroscopy in analytical chemistry is used in two primary manners: (1) to identify a species and (2) to quantify a species.  

Identification of a species involves recording the absorption or emission of a species as a function of the frequency or wavelength to obtain a spectrum (the spectrum is a plot of the absorbance or emission intensity as a function of wavelength).  The features in the spectrum provide a signature for a molecule that may be used for purposes of identification.  The more unique the spectrum for a species, the more useful it is for compound identification.  Some spectroscopic methods (e.g., NMR spectroscopy) are especially useful for compound identification, whereas others provide spectra that are all rather similar and therefore not as useful.  Among methods that provide highly unique spectra, there are some that are readily open to interpretation and structure assignment (e.g., NMR spectra), whereas others (e.g., infrared spectroscopy) are less open to interpretation and structure assignment.  Since molecules do exhibit unique infrared spectra, an alternative means of compound identification is to use a computer to compare the spectrum of the unknown compound to a library of spectra of known compounds and identify the best match.  In this case, identification is only possible if the spectrum of the unknown compound is in the library.

Quantification of a species using a spectroscopic method involves measuring the magnitude of the absorbance or intensity of the emission and relating that to the concentration.  At this point, we will focus on the use of absorbance measurements for quantification.    

Consider a sample through which you will send radiation of a particular wavelength as shown in Figure 1.1.  You measure the power from the radiation source (Po) using a blank solution (a blank is a sample that does not have any of the absorbing species you wish to measure).  You then measure the power of radiation that makes it through the sample (P).
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Figure 1.1.  Block diagram of a spectrophotometer

The ratio P/Po is a measure of how much radiation passed through the sample and is defined as the transmittance (T).  

T  =  P/Po          and           %T  =  (P/Po)x100

The higher the transmittance, the more similar P is to Po.  The absorbance (A) is defined as:

A  =  –logT or log(Po/P).

The higher the absorbance, the lower the value of P, and the less light that makes it through the sample and to the detector.  

1.2.  Beer’s Law

What factors influence the absorbance that you would measure for a sample?  Is each factor directly or inversely proportional to the absorbance?

One factor that influences the absorbance of a sample is the concentration (c). The expectation would be that, as the concentration goes up, more radiation is absorbed and the absorbance goes up.  Therefore, the absorbance is directly proportional to the concentration.

A second factor is the path length (b).  The longer the path length, the more molecules there are in the path of the beam of radiation, therefore the absorbance goes up.  Therefore, the path length is directly proportional to the concentration.

When the concentration is reported in moles/liter and the path length is reported in centimeters, the third factor is known as the molar absorptivity ().  In some fields of work, it is more common to refer to this as the extinction coefficient.  When we use a spectroscopic method to measure the concentration of a sample, we select out a specific wavelength of radiation to shine on the sample.  As you likely know from other experiences, a particular chemical species absorbs some wavelengths of radiation and not others.  The molar absorptivity is a measure of how well the species absorbs the particular wavelength of radiation that is being shined on it.  The process of absorbance of electromagnetic radiation involves the excitation of a species from the ground state to a higher energy excited state.  This process is described as an excitation transition, and excitation transitions have probabilities of occurrences.  It is appropriate to talk about the degree to which possible energy transitions within a chemical species are allowed.  Some transitions are more allowed, or more favorable, than others.  Transitions that are highly favorable or highly allowed have high molar absorptivities.  Transitions that are only slightly favorable or slightly allowed have low molar absorptivities.  The higher the molar absorptivity, the higher the absorbance.  Therefore, the molar absorptivity is directly proportional to the absorbance.

If we return to the experiment in which a spectrum (recording the absorbance as a function of wavelength) is recorded for a compound for the purpose of identification, the concentration and path length are constant at every wavelength of the spectrum.  The only difference is the molar absorptivities at the different wavelengths, so a spectrum represents a plot of the relative molar absorptivity of a species as a function of wavelength.   

Since the concentration, path length and molar absorptivity are all directly proportional to the absorbance, we can write the following equation, which is known as the Beer-Lambert law (often referred to as Beer’s Law), to show this relationship.   

A  =  bc

Note that Beer’s Law is the equation for a straight line with a y-intercept of zero.

If you wanted to measure the concentration of a particular species in a sample, describe the procedure you would use to do so.

Measuring the concentration of a species in a sample involves a multistep process.  

One important consideration is the wavelength of radiation to use for the measurement.  Remember that the higher the molar absorptivity, the higher the absorbance.  What this also means is that the higher the molar absorptivity, the lower the concentration of species that still gives a measurable absorbance value.  Therefore, the wavelength that has the highest molar absorptivity (max) is usually selected for the analysis because it will provide the lowest detection limits.  If the species you are measuring is one that has been commonly studied, literature reports or standard analysis methods will provide the max value.  If it is a new species with an unknown max value, then it is easily measured by recording the spectrum of the species.  The wavelength that has the highest absorbance in the spectrum is max.

The second step of the process is to generate a standard curve.  The standard curve is generated by preparing a series of solutions (usually 3-5) with known concentrations of the species being measured.  Every standard curve is generated using a blank.  The blank is some appropriate solution that is assumed to have an absorbance value of zero.  It is used to zero the spectrophotometer before measuring the absorbance of the standard and unknown solutions.  The absorbance of each standard sample at max is measured and plotted as a function of concentration.  The plot of the data should be linear and should go through the origin as shown in the standard curve in Figure 1.2.  If the plot is not linear or if the y-intercept deviates substantially from the origin, it indicates that the standards were improperly prepared, the samples deviate in some way from Beer’s Law, or that there is an unknown interference in the sample that is complicating the measurements.  Assuming a linear standard curve is obtained, the equation that provides the best linear fit to the data is generated. 
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Figure 1.2.  Standard curve for an absorbance measurement.  

Note that the slope of the line of the standard curve in Figure 1.2 is (b) in the Beer’s Law equation.  If the path length is known, the slope of the line can then be used to calculate the molar absorptivity. 

The third step is to measure the absorbance in the sample with an unknown concentration.  The absorbance of the sample is used with the equation for the standard curve to calculate the concentration.   

Suppose a small amount of stray radiation (PS) always leaked into your instrument and made it to your detector.  This stray radiation would add to your measurements of Po and P.  Would this cause any deviations to Beer's law?  Explain.

The way to think about this question is to consider the expression we wrote earlier for the absorbance.  

A  =  log(Po/P)

Since stray radiation always leaks in to the detector and presumably is a fixed or constant quantity, we can rewrite the expression for the absorbance including terms for the stray radiation.  It is important to recognize that Po, the power from the radiation source, is considerably larger than PS.  Also, the numerator (Po + Ps) is a constant at a particular wavelength.  

A  =  log(Po + Ps)/(P + Ps)

Now let’s examine what happens to this expression under the two extremes of low concentration and high concentration.  At low concentration, not much of the radiation is absorbed and P is not that much different than Po.  Since Po >> PS, P will also be much greater than PS.  If the sample is now made a little more concentrated so that a little more of the radiation is absorbed, P is still much greater than PS.  Under these conditions the amount of stray radiation is a negligible contribution to the measurements of Po and P and has a negligible effect on the linearity of Beer’s Law.  

As the concentration is raised, P, the radiation reaching the detector, becomes smaller.  If the concentration is made high enough, much of the incident radiation is absorbed by the sample and P becomes much smaller.  If we consider the denominator (P + PS) at increasing concentrations, P gets small and PS remains constant.  At its limit, the denominator approaches PS, a constant.  Since Po + PS is a constant and the denominator approaches a constant (Ps), the absorbance approaches a constant.  A plot of what would occur is shown in Figure 1.3.     
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Figure 1.3.  Plot of ideal (linear) and actual (curved) measurements when substantial amounts of stray radiation are present.

The ideal plot is the straight line.  The curvature that occurs at higher concentrations that is caused by the presence of stray radiation represents a negative deviation from Beer’s Law.   

The derivation of Beer's Law assumes that the molecules absorbing radiation don't interact with each other (remember that these molecules are dissolved in a solvent).  If the analyte molecules interact with each other, they can alter their ability to absorb the radiation. Where would this assumption break down?  Guess what this does to Beer's law?

The sample molecules are more likely to interact with each other at higher concentrations, thus the assumption used to derive Beer’s Law breaks down at high concentrations.  The effect, which we will not explain in any more detail in this document, also leads to a negative deviation from Beer’s Law at high concentration.      

Beer's law also assumes purely monochromatic radiation.  Describe an instrumental set up that would allow you to shine monochromatic radiation on your sample.  Is it possible to get purely monochromatic radiation using your set up?  Guess what this does to Beer's law.

Spectroscopic instruments typically have a device known as a monochromator.  There are two key features of a monochromator.  The first is a device to disperse the radiation into distinct wavelengths.  You are likely familiar with the dispersion of radiation that occurs when radiation of different wavelengths is passed through a prism.  The second is a slit that blocks the wavelengths that you do not want to shine on your sample and only allows max to pass through to your sample as shown in Figure 1.4.  

[image: ]
Figure 1.4.  Utilization of a prism and slit to select out specific wavelengths of radiation.

An examination of Figure 1.4 shows that the slit has to allow some “packet” of wavelengths through to the sample.  The packet is centered on max, but clearly nearby wavelengths of radiation pass through the slit to the sample.  The term effective bandwidth defines the packet of wavelengths and it depends on the slit width and the ability of the dispersing element to divide the wavelengths.  Reducing the width of the slit reduces the packet of wavelengths that make it through to the sample, meaning that smaller slit widths lead to more monochromatic radiation and less deviation from linearity from Beer’s Law.

Is there a disadvantage to reducing the slit width?

The important thing to consider is the effect that this has on the power of radiation making it through to the sample (Po).  Reducing the slit width will lead to a reduction in Po and hence P.  An electronic measuring device called a detector is used to monitor the magnitude of Po and P.  All electronic devices have a background noise associated with them (rather analogous to the static noise you may hear on a speaker and to the discussion of stray radiation from earlier that represents a form of noise).  Po and P represent measurements of signal over the background noise.  As Po and P become smaller, the background noise becomes a more significant contribution to the overall measurement.  Ultimately the background noise restricts the signal that can be measured and detection limit of the spectrophotometer.  Therefore, it is desirable to have a large value of Po.  Since reducing the slit width reduces the value of Po, it also reduces the detection limit of the device.  Selecting the appropriate slit width for a spectrophotometer is therefore a balance or tradeoff of the desire for high source power and the desire for high monochromaticity of the radiation.  

It is not possible to get purely monochromatic radiation using a dispersing element with a slit.  Usually the sample has a slightly different molar absorptivity for each wavelength of radiation shining on it.  The net effect is that the total absorbance added over all the different wavelengths is no longer linear with concentration.  Instead a negative deviation occurs at higher concentrations due to the polychromicity of the radiation.  Furthermore, the deviation is more pronounced the greater the difference in the molar absorbtivity.  Figure 1.5 compares the deviation for two wavelengths of radiation with molar absorptivities that are (a) both 1,000, (b) 500 and 1,500, and (c) 250 and 1,750.  As the molar absorptivities become further apart, a greater negative deviation is observed.
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Figure 1.5.  Deviation from linearity of Beer’s law for two wavelengths where the molar absorptivities are (a) both 1,000, (b) 500 and 1,500, and (c) 250 and 1,750.

Therefore, it is preferable to perform the absorbance measurement in a region of the spectrum that is relatively broad and flat.  The hypothetical spectrum in Figure 1.6 shows a species with two wavelengths that have the same molar absorptivity.  The peak at approximately 250 nm is quite sharp whereas the one at 330 nm is rather broad.  Given such a choice, the broader peak will have less deviation from the polychromaticity of the radiation and is less prone to errors caused by slight misadjustments of the monochromator.

[image: ]

Figure 1.6.  Hypothetical spectrum with a sharp and broad absorption peak.

Consider the relative error that would be observed for a sample as a function of the transmittance or absorbance.  Is there a preferable region in which to measure the absorbance?  What do you think about measuring absorbance values above 1?

It is important to consider the error that occurs at the two extremes (high concentration and low concentration).  Our discussion above about deviations to Beer’s Law showed that several problems ensued at higher concentrations of the sample.  Also, the point where only 10% of the radiation is transmitted through the sample corresponds to an absorbance value of 1.  Because of the logarithmic relationship between absorbance and transmittance, the absorbance values rise rather rapidly over the last 10% of the radiation that is absorbed by the sample.  A relatively small change in the transmittance can lead to a rather large change in the absorbance at high concentrations.  Because of the substantial negative deviation to Beer’s law and the lack of precision in measuring absorbance values above 1, it is reasonable to assume that the error in the measurement of absorbance would be high at high concentrations.  

At very low sample concentrations, we observe that Po and P are quite similar in magnitude.  If we lower the concentration a bit more, P becomes even more similar to Po.  The important realization is that, at low concentrations, we are measuring a small difference between two large numbers.  For example, suppose we wanted to measure the weight of a captain of an oil tanker.  One way to do this is to measure the combined weight of the tanker and the captain, then have the captain leave the ship and measure the weight again.  The difference between these two large numbers would be the weight of the captain.  If we had a scale that was accurate to many, many significant figures, then we could possibly perform the measurement in this way.  But you likely realize that this is an impractical way to accurately measure the weight of the captain and most scales do not have sufficient precision for an accurate measurement.  Similarly, trying to measure a small difference between two large signals of radiation is prone to error since the difference in the signals might be on the order of the inherent noise in the measurement.  Therefore, the degree of error is expected to be high at low concentrations.  

The discussion above suggests that it is best to measure the absorbance somewhere in the range of 0.1 to 0.8.  Solutions of higher and lower concentrations have higher relative error in the measurement.  Low absorbance values (high transmittance) correspond to dilute solutions.  Often, other than taking steps to concentrate the sample, we are forced to measure samples that have low concentrations and must accept the increased error in the measurement.  It is generally undesirable to record absorbance measurements above 1 for samples.  Instead, it is better to dilute such samples and record a value that will be more precise with less relative error.  

Another question that arises is whether it is acceptable to use a non-linear standard curve.  As we observed earlier, standard curves of absorbance versus concentration will show a non-linearity at higher concentrations.  Such a non-linear plot can usually be fit using a higher order equation and the equation may predict the shape of the curve quite accurately.  Whether or not it is acceptable to use the non-linear portion of the curve depends in part on the absorbance value where the non-linearity starts to appear.  If the non-linearity occurs at absorbance values higher than one, it is usually better to dilute the sample into the linear portion of the curve because the absorbance value has a high relative error.  If the non-linearity occurs at absorbance values lower than one, using a non-linear higher order equation to calculate the concentration of the analyte in the unknown may be acceptable.  

One thing that should never be done is to extrapolate a standard curve to higher concentrations.  Since non-linearity will occur at some point, and there is no way of knowing in advance when it will occur, the absorbance of any unknown sample must be lower than the absorbance of the highest concentration standard used in the preparation of the standard curve.  It is also not desirable to extrapolate a standard curve to lower concentrations.  There are occasions when non-linear effects occur at low concentrations.  If an unknown has an absorbance that is below that of the lowest concentration standard of the standard curve, it is preferable to prepare a lower concentration standard to ensure that the curve is linear over such a concentration region.

Another concern that always exists when using spectroscopic measurements for compound quantification or identification is the potential presence of matrix effects.   The matrix is everything else that is in the sample except for the species being analyzed.  A concern can occur when the matrix of the unknown sample has components in it that are not in the blank solution and standards.  Components of the matrix can have several undesirable effects.

What are some examples of matrix effects and what undesirable effect could each have that would compromise the absorbance measurement for a sample with an unknown concentration? 

One concern is that a component of the matrix may absorb radiation at the same wavelength as the analyte, giving a false positive signal.  Particulate matter in a sample will scatter the radiation, thereby reducing the intensity of the radiation at the detector.  Scattered radiation will be confused with absorbed radiation and result in a higher concentration than actually occurs in the sample.

Another concern is that some species have the ability to change the value of max.  For some species, the value of max can show a pronounced dependence on pH.  If this is a consideration, then all of the standard and unknown solutions must be appropriately buffered.  Species that can hydrogen bond or metal ions that can form donor-acceptor complexes with the analyte may alter the position of max.  Changes in the solvent can affect max as well.  

1.3.  Instrumental Setup of a Spectrophotometer

A spectrophotometer has five major components to it, a source, monochromator, sample holder, detector, and readout device.  Most spectrophotometers in use today are linked to and operated by a computer and the data recorded by the detector is displayed in some form on the computer screen.  

1.3.1.  Radiation sources

Describe the desirable features of a radiation source for a spectrophotometer.

An obvious feature is that the source must cover the region of the spectrum that is being monitored.  Beyond that, one important feature is that the source has high power or intensity, meaning that it gives off more photons.  Since any detector senses signal above some noise, having more signal increases what is known as the signal-to-noise ratio and improves the detection limit.  The second important feature is that the source be stable.  Instability on the power output from a source can contribute to noise and can contribute to inaccuracy in the readings between standards and unknown samples.

Plot the relative intensity of light emitted from an incandescent light bulb (y-axis) as a function of wavelength (x-axis).  This plot is a classic observation known as blackbody radiation.  On the same graph, show the output from a radiation source that operated at a hotter temperature.
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Figure 1.7.  Output from blackbody radiatiors at different temperatures.

As shown in Figure 1.7, the emission from a blackbody radiator has a specific wavelength that exhibits maximum intensity or power.  The intensity diminishes at shorter and longer wavelengths.  The output from a blackbody radiator is a function of temperature.  As seen in Figure 1.7, at hotter temperatures, the wavelength with maximum intensity moves toward the ultraviolet region of the spectrum. 

Examining the plots in Figure 1.7, what does this suggest about the power that exists in radiation sources for the infrared portion of the spectrum?

The intensity of radiation in the infrared portion of the spectrum diminishes considerably for most blackbody radiators, especially at the far infrared portions of the spectrum.  That means that infrared sources do not have high power, which ultimately has an influence on the detection limit when using infrared absorption for quantitative analysis.     

Blackbody radiators are known as continuous sources.  An examination of the plots in Figure 1.7 shows that a blackbody radiator emits radiation over a large continuous band of wavelengths.  A monochromator can then be used to select out a single wavelength needed for the quantitative analysis.   Alternatively, it is possible to scan through the wavelengths of radiation from a blackbody radiator and record the spectrum for the species under study.  

Explain the advantages of a dual- versus single-beam spectrophotometer.

One way to set up a dual-beam spectrophotometer is to split the beam of radiation from the source and send half through a sample cell and half through a reference cell.  The reference cell has a blank solution in it.  The detector is set up to compare the two signals.  Instability in the source output will show up equally in the sample and reference beam and can therefore be accounted for in the measurement.  Remember that the intensity of radiation from the source varies with wavelength and drops off toward the high and low energy region of the spectrum.  The changes in relative intensity can be accounted for in a dual-beam configuration. 

A laser (LASER = Light Amplification by Stimulated Emission of Radiation) is a monochromatic source of radiation that emits one specific frequency or wavelength of radiation.  Because lasers put out a specific frequency of radiation, they cannot be used as a source to obtain an absorbance spectrum.  However, lasers are important sources for many spectroscopic techniques, as will be seen at different points as we further develop the various spectroscopic methods.  What you probably know about lasers is that they are often high-powered radiation sources.  They emit a highly focused and coherent beam.  Coherency refers to the observation that the photons emitted by a laser have identical frequencies and waves that are in phase with each other.   

A laser relies on two important processes.  The first is the formation of a population inversion.  A population inversion occurs for an energy transition when more of the species are in the excited state than are in the ground state.  The second is the process of stimulated emission.  Emission is when an excited state species emits radiation (Figure 1.8a).  Absorption occurs when a photon with the exact same energy as the difference in energy between the ground and excited state of a species interacts with and transfers its energy to the species to promote it to the excited state (Figure 1.8c).  Stimulated emission occurs when an incident photon that has exactly the same energy as the difference in energy between the ground and excited state of a transition interacts with the species in the excited state.  In this case, the extra energy that the species has is converted to a photon that is emitted.  In addition, though, the incident photon also is emitted.  One final point is that the two photons in the stimulated emission process have their waves in phase with each other (are coherent) (Figure 1.8b).  In absorption, one incident photon comes in and no photons come out.  In stimulated emission, one incident photon comes in and two photons come out.    
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Figure 1.8.  Representation of (a) emission of a photon, (b) stimulated emission and (c) absorption.  The waves represent photons.  

Why is it impossible to create a 2-level laser?

A 2-level laser involves a process with only two energy states, the ground and excited state.  In a resting state, the system will have a large population of species in the ground state (essentially 100% as seen in Figure 1.9) and only a few or none in the excited state.  Incident radiation of an energy that matches the transition is then applied and ground state species absorb photons and become excited.  The general transition process is illustrated in Figure 1.9a.

[image: ]

Figure 1.9.  Representation of (a) absorption of a photon by a ground state molecule where all species are in the ground state and (b) a 2-level energy system where the population in the ground and excited states are equal.

Species in the excited state will give up the excess energy either as an emitted photon or heat to the surroundings.  We will discuss this in more detail later on, but for now, it is acceptable to realize that excited state species have a finite lifetime before they lose their energy and return to the ground state.  Without worrying about the excited state lifetime, let’s assume that the excited species remain in that state and incident photons can continue to excite additional ground state species into the excited state.  As this occurs, the number of species in the excited state (e.g., the excited state population) will grow and the number in the ground state will diminish.  The key point to consider is the system where 50% of the species are in the excited state and 50% of the species are in the ground state, as shown in Figure 1.9b.

For a system with exactly equal populations of the ground and excited state, incident photons from the radiation source have an equal probability of interacting with a species in the ground or excited state.  

If a photon interacts with a species in the ground state, absorption of the photon occurs and the species becomes excited.  However, if another photon interacts with a species in the excited state, stimulated emission occurs, the species returns to the ground state and two photons are emitted.  The net result is that for every ground state species that absorbs a photon and becomes excited there is a corresponding excited species that undergoes stimulated emission and returns to the ground state.  Therefore it is not possible to get beyond the point of a 50-50 population and never possible to get a population inversion.  A 2-level system with a 50-50 population is said to be a saturated transition.  

Using your understanding of a 2-level system, explain what is meant by a 3-level and 4-level system.  3- and 4-level systems can function as a laser.  How is it possible to achieve a population inversion in a 3- and 4-level system?

The diagrams for a 3-level and 4-level laser system are shown in Figures 1.10 and 1.11, respectively.
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Figure1.10.  Representation of the energy levels in a 3-level laser system.  
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Figure 1.11.  Representation of the energy levels in a 4-level laser system.  

There are certain important features that are necessary to have something function as a 3- or 4-level laser.  One is that there has to be a favorable relaxation process in which the species converts or transitions between the second and third levels in the diagrams.  The transition from level 2 to level 3 must be more favorable than a transition from level 2 to level 1.  Another relates to the relative lifetimes of the excited state levels.  It must be the case that the lifetime of the species in level 3 is longer than the lifetime of the species in level 2.  

Assuming the two features described above are met, it is now possible to excite species from level 1 to level 2 using the radiation source.  Species then transition to level 3 but, because of the longer lifetime, are effectively “stuck” there before returning back to the ground state (level 1).  For the 3-level system, If they are stuck in level 3 long enough, it may be possible to deplete enough of the population from level 1 such that the population in level 3 is now higher than the population in level 1.  The level 3 to level 1 transition is the lasing transition and note that the incident photons from the source have a different energy than this transition so no stimulated emission occurs.  When the population inversion is achieved, a photon emitted from a species in level 3 can interact with another species that is excited to level 3, causing the stimulated emission of two photons.  These emitted photons can interact with additional excited state species in level 3 to cause more stimulated emission and the result is a cascade of stimulated emission.  This large cascade or pulse of photons all have the same frequency and are coherent.  The process of populating level 3 in either the 3- or 4-level system using energy from the incident photons from the radiation source is referred to as pumping.

For the 4-level laser, the lasing transition is from level 3 to level 4, meaning that a population inversion is needed between levels 3 and 4 and not levels 3 and 1.  



Which of the two (3- or 4-level system) is generally preferred in a laser and why?

Since the population of level 4 is much lower than the population of level 1, it is much easier to achieve a population inversion in a 4-level laser compared to a 3-level laser.  Therefore, the 4-level laser is generally preferred and more common than a 3-level laser.  

1.3.2.  Monochromators

The two most common ways of achieving monochromatic radiation from a continuous radiation source are to use either a prism or a grating.  

Explain in general terms the mechanism in a prism and grating that leads to the attainment of monochromatic radiation.  Compare the advantages and disadvantages of each type of device.  What is meant by second order radiation in a grating?  Describe the difference between a grating that would be useful for the infrared region of the spectrum and one that would be useful for the ultraviolet region of the spectrum.

A prism disperses radiation because different wavelengths of radiation have different refractive indices in the material that makes up the prism.  That causes different angles of refraction that disperse the radiation as it moves through the prism (Figure 1.12).

[image: ]

Figure 1.12.  Dispersion of radiation by a prism.  











A grating is a device that consists of a series of identically shaped, angled grooves as shown in Figure 1.13.

[image: ]

Figure 1.13.  Representation of a reflection grading.  A and B represent beams of radiation.  

The grating illustrated in Figure 1.13 is a reflection grating.  Incoming light represented as A and B is collimated and appears as a plane wave.  Therefore, as seen in Figure 1.13a, the crest of the wave for A strikes a face of the grating before the crest of the wave for B strikes the adjoining face.  Light that strikes the surface of the grating is scattered in all directions, one direction of which is shown in Figure 1.13b for A and B.  An examination of the paths for A and B in Figure 1.13 shows that B travels a further distance than A.  For monochromatic radiation, if B travels an integer increment of the wavelength further than A, the two constructively interfere.  If not, destructive interference results.  Diffraction of polychromatic radiation off the grating leads to an interference pattern in which different wavelengths of radiation constructively and destructively interfere at different points in space.  

The advantage of a grating over a prism is that the dispersion is linear (Figure 1.14).  This means that a particular slit width allows an identical packet of wavelengths of radiation through to the sample.  The dispersion of radiation with a prism is non-linear and, for visible radiation, there is less dispersion of the radiation toward the red end of the spectrum.  See Figure 1.14 for a comparison of a glass and quartz prism.  Note, the glass prism absorbs ultraviolet radiation in the range of 200-350 nm.  The non-linear dispersion of a prism means that the resolution (ability to distinguish two nearby peaks) in a spectrum will diminish toward the red end of the spectrum.  Linear dispersion is preferable.  The other disadvantage of a prism is that it must transmit the radiation, whereas gratings usually rely on a reflection process. 







[image: ]

Figure 1.14.  Comparison of the dispersion of a grating, glass prism and quartz prism from 200-800 nm.

An important aspect of a grating is that more than one wavelength of radiation will exhibit constructive interference at a given position.  Without incorporating other specific design features into the monochromator, all wavelengths that constructively interfere will be incident on the sample.  For example, radiation with a wavelength of 300 nm will constructively interfere at the same position as radiation with a wavelength of 600 nm.  This is referred to as order overlap.  There are a variety of procedures that can be used to eliminate order overlap, details of which can be found at the following:  http://www.asdlib.org/learningModules/AtomicEmission/S-Diffraction_gratings.html.  

The difference between gratings that are useful for the ultraviolet and visible region as compared to those that are useful for the infrared region involves the distance between the grooves.  Gratings for the infrared region have a much wider spacing between the grooves.     

Explain the significance of the slit width of a monochromator.  What is the advantage(s) of making the slit width smaller?  What is the disadvantage(s) of making the slit width smaller?

As discussed earlier, the advantage of making the slit width smaller is that it lets a smaller packet of wavelengths through to the sample.  This improves the resolution in the spectrum, which means that it is easier to identify and distinguish nearby peaks.  The disadvantage of making the slit width smaller is that it allows fewer photons (less power) through to the sample.  This decreases the signal-to-noise ratio and raises the detection limit for the species being analyzed.  






1.3.3.  Detectors

Explain how a photomultiplier tube works.  What are any advantages or disadvantages of a photomultiplier tube?

A photomultiplier tube is commonly used to measure the intensity of ultraviolet and visible radiation.  The measurement is based initially on the photoelectric effect and then on the amplification of the signal through a series of dynodes (Figure 1.15).  The initiation of the detection process involves radiation striking the surface of a photoactive surface and dislodging electrons.  Electrons dislodged from this surface are accelerated toward the first dynode.  This acceleration is accomplished by having the first dynode at a high voltage.  Because of the acceleration, each electron released from the photoactive surface dislodges several electrons when it strikes the surface of the first dynode.  Electrons emitted from the first dynode are accelerated toward the second dynode, etc. to eventually create a cascade of electrons that causes a large current.
[image: ]

Figure 1.15.  Representation of a photomultiplier tube.  

The advantage of the photomultiplier tube is its ability to measure relatively small amounts of electromagnetic radiation because of the amplification process that occurs.  A disadvantage is that any spurious signal such as stray radiation is also amplified in the process, leading to an enhancement of the noise.  The noise can be reduced by cooling the photomultiplier tube, which is done with some instruments.  A caution when using a photomultiplier tube is that it must not be exposed to too high an intensity of radiation, since high intensity radiation can damage the photoelectric surface.    

Photomultiplier tubes are useful for the measurement of radiation that produces a current through the photoelectric effect – primarily ultraviolet and visible radiation.  It is not useful for measuring the intensity of low energy radiation in the infrared and microwave portion of the spectrum. 

Describe a photodiode array detector.  What advantages does it offer over other detection devices?

A photodiode array detector consists of an array or series of adjacent photosensitive diodes (Figure 1.16).  Radiation striking a diode causes a charge buildup that is proportional to the intensity of the radiation.  The individual members of the array are known as pixels and are quite small in size.  Since many pixels or array elements can be fit onto a small surface area, it is possible to build an array of these pixels and shine dispersed light from a monochromator onto it, thereby measuring the intensity of radiation for an entire spectrum.  The advantage of the photodiode array detector is the potential for measuring multiple wavelengths at once, thereby measuring the entire spectrum of a species at once.  Unfortunately, photodiode arrays are not that sensitive.  

[image: ]

Figure 1.16.  Representation of a diode array detector.
	
A more sensitive array device uses a charge-transfer process.  These are often two-dimensional arrays with many more pixels than a photodiode array.  Radiation striking pixels in the array builds up a charge that is measured in either a charge-injection device (CID) or charge-coupled device (CCD). 
[bookmark: _GoBack]
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