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FIGURE 14,3

Energy levels in a ruby laser
showing transitions resulling in
occupancy of the matastable state
2E wath subsequent laser cutput n
a typical three-level laser

FIGURE 14.4
Energy levels in a neodymium laser
showing transittons resuiting in
occupancy ¢of the metastable state
4F, . This slate has a lifelime of

2

5% 107* s before dropping to the
9 il state which is populated only

shightly by thermal electrons. This
is an example of a four-level laser.

14.1 Laser Spectroscopy

it covers a very narrow range of wavelengths). Also, if the Jaser medium
ruby} has a suitable geometry, the beam divergence can be extremely small
of the order of a miiliradian, and is coherent.

Another solid-state laser is the nesdymium laser. [t nornmally is form
Na** ions in low concentration in a ytrium aluminum garnet and is then o¢
known as a YAG laser. This laser operates in the infrared most efficiently at
The energy scheme for this four-level laser is shown in Figure 14.4. [ this
more efficient 1ransfer of energy exists in which the higher excited metasta
emits 10 2 lower excited metastable state which is initially empty or only
populated. Ofien frequency doubling is used (see page 637). the beam being ¢
into radiation with double its initial frequency. The wavelength i1s then 532 n
green region of the visible spectrum.

Several gus fasers are commonly used and can generate high power,
the generated heat preduced in the excitation process is easily dissipate
rapid passage of gas through the cavity. [n the helium-neon laser, helivm a
excited by an electric discharge to the metastable [3'2s' configuration, as <
Figure 14.5. Transitions by such discharges are not restricted by selection ru
encrgy is transferred through coilisions to neon which has exciled states of app
energy. [n effect, upper levels are heavily populated by the transfer, whereas tl
levels have the lower normal number of electrons as determined by the Bo.
distributien. There 18 thus a population inversion, and lasing action occurs at 6
and at several other wavelengths.

The carban dioxide laser also vses an energy exchange. In this device r
is vibrationally exciled by an electric discharge and again there are no symim
strictions. This energy is transferred through electronic exchanges and ionic ¢
to the vz antisymmetric stretching vibrational levely of CO-, as shown in Figu
The laser action takes place between the lowest excited level of the vy vibr.
the lowest excited Jevel of the symmetric stretch vy, The strongest emission &
10.39 zem, with a second emission possible at 9.6 g,

Both argon-ion and kryptoo-ion lasers operate on the same princi|
electric discharge 13 passed through the working gas held at a pressure ©
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FIGURE 14.5

Energy levels in a helium-neon
laser showing Iransitions resulting
in population inversion in three
metastable states.

The first chemical laser was
construcled in 1965 by the
American chemists J. V. V. Kasper
and George Claude Pimentel
{1922-1989). It was based on the
reaction H 4+ Ciy; — HCI* + H, in
which the HCl is formed with a
popuiation inversion of vibrational
states. The feasibility of using this
reaction in a laser was suggested in
1961 by John Pofanyi on the basis
of his molecular dynamics stugies
{Section 8.11}.

FIGURE 14.86

Energy levels in the COy laser
showing transitions leading to
energy transter from N 1o CO» with
the resultant laser action of CO,,

Energy transler

He — Ne
1528 '§—T———

1525 35

2 } 3400 nm
Three "_F 632 8 nm
melastable 1200 nm
stales

152 18 —
umping
by electric
discharge

I Torr. For argon, both Ar* and Ar'* ions arc formed in excited states Laser action
drops the electrons to a lower state, where the ions emit ultraviolet radiation at 72 nm
and are then neutrihized. Because of the large number of lower states, there are many
wavelengihs in the spectra, but the emissson {rom Ar? primaniy gives light of 488
nm {in the blue region} and 314 nm (in the green region). The krypton-ron laser gives
a wider range of wavelengths. the most intense being ut 647 nm (in the red region).
Another type of laser provides extremely high power in the beam. The chem-
ical laser, in which a chemical reaction generates molecules already in an inverted
population state seems very promising Such lasers have been envisioned by the
milstary for several applications. In the now “on held” Strategic Defense Iniuative,
beiter known as SDI or "Star Wars,” phowelysis of Fa forms F atoms which attack
Hy molecules, with the production of HF and H. The H in wrn aitacks Fy to Torm
vibrationally excited or “hot” HF maolecules. These ocour with inverted poprlatious.,

Na

CO,

Energy Vibrational energy levels

v transtar by

2330.7 colisional
cmt exchange

¥, =2340 cm-!

10.58 pm

¥,=1333 cm~?

Efem-!

Thermal
decay
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decay
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intensity of
absorption
or emission

Curve at
a lower
temperature

Half-width

G (line width

‘;T"e at at half the
a higher maximum
temperature

absorption)

Wavelength, A

FIGURE 14.7

Line widths at two different tem-
peratures as determined by the
Gaussian distribution,

temperature riccs. (F© .er discussion of this is given in Se
at half-heigh. of «n .ine may be found from

Ak = 2(%)(2kBT/m)1/2

where m is the mass of the species involved in the transitios
resolution of spectral lines, the spectra should be taken at
perature. High temperatures (such as the temperature of th
by measuring the broadening of a particular spectral line

Lifetime Broadening

A second mechanism which is important even at very low te
mechanical effect called /ifetime broadening. Because of tt
relation it is umpossible to specify exactly the energies of
Only if the state has an infinite lifetime can its energy
reality, since no excited state has an infinite lifetime, no ex
defined energy. The shorter the lifetime of an excited state,
spectral lines.

The uncertainty principle may be used to estimate the €5
Eq. 11.64,

J
AEAT ~ —— =12 (h=h/2s
47

The energy spread AFE is therefore inversely proportional |
follows that the corresponding broadening of the line is

2.7 x 10~12

AV/em™! &
At/s

The radiative lifetime of an electronically excited species n
which leads to a line width of 2.7 x 107> ¢cm™. Wher
dissociation or internal conversion, however, the lifetime m.
value gives a broadening of about 0.27 ¢cm™', which can e
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TRON SPECTROSCOPY I,

The importance of the photoelectric effect in the development of quantum theory was
discussed in Section 11.1. Photoelectron spectroscopy (PES) measures the kinetic

Photoelectron energy/ eV
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Information 1s gained from the process in Eq. 14
conservation of energy:

EM™) — EMM) = hv — E{

where £ (M) and E(MT) are the energies of the molect
by the ionization, and E (¢7) is the kinetic energy of t!
known and E{e7) 1s measured, the difference between t
original molecule is obtained.
Either of two plots gives the photoelectric specirun
electron emission against the electron kinetic energy; t
emission against ionization energy (the right-hand side
shows the spectrum for nitrogen with two energy scale
and the ionization energy. Note that since the 58.4-nm
o H H 21.2 eV, the sum of the two scales is 2.2 eV at any point

l Lo the figure correspond‘to ionization from three different
Counts| CI=C~0— C“?:;H

Lounts 2 lines in each group being the vibrational levels. Figure
minuie ‘ N
® 5 H H eleciron occupancy as deduced from the photoelectron
€ 1000~ 1 3 1 an electron transition to excited electronic states, th
-— o] . . T
£ applies. But notice that the occupancy (as indicated by |
g coo L vibrational states, especially in the T1,, siate, corresponc
% of finding the electron near the end-most positions for a
z levels of the harmonic oscillator curve.
ok Because the sample is at room temperature, only the
Carbon ts  Chlorine 2s L h SAMPIE 13 e - b .
N N | significantly occupied. From Section 12.5, the configurati
1190 1200 1210 1S
Kinetic energy/ eV 5 %2 2 .2 4
. A - T 2
1 | | Na: 1soglso,“2so 2s0, 2pn 2poy.
2:_0 g 280 27\? The 2 lines starting at 15.88 ¢V correspond to the remova
inding energy/e electron. The resulting state is
i+ 2 2 2 2 4 i
FIGURE 14.18 N7:  Isoglso, 250,250, 2pm2po,,

Photoelectron spectrum of ethyl - . : nni
chloraformate. The three lines in Going to the left, the next set of lines beginning at 16.69 ¢

the carbon 1s spectrum appearin  ©f @ 27ty bonding electron. The final excited state cogresp
the same order from left to right antibonding electron.

as the carbon atoms drawn in the As indicated earhier, these techniques are not limaits
structure. (From: James, T. L., However, when more energy is required to examine inner

Journal of Chemical Education, -
Vol. 48, pp. 712718, 1971. Used used. The energy differences between 1s levels for C, O,

with permission.) individual elements are easily identified by their energy
carbon 1s spectrum, etc. In Figure 14.18 the carbon 1s X-r:
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FGURE 14.23

(a) The representation of elliptically
polarized light arising from two
circularly polarized beams having
different extinction coefficients.

(b) The representation of elliptically
polarized light combining the effects
of a difference in refractive inrimye
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Polanme'ry and optical rotatory dispergicn boih measy
of linearly polarized light is rotated by a chiral or helic
sample, that is, for one without ch;omop horss, both tech
wiih polarimetry limifed to the wavelenzih of the exci
of absorpticn oy a chromophors, tha ORI spectrum
wavelength. See Figure 14.22a

10 the oniically active center is adjacent to 2 ch
potarized beam, anomalous rotztions i ihe ORD sper

in Bigure 14.22b. This behavior, knowi as the Cotion ¢f)
physicist A. Cotton) is superimposed on the imnonotonic:
is lumited to (ne wavelength range of the z%bsmption car
cnanged sign minimum. See Section 20.6 for a further di.

it rgleng USEpnlomsenfinp y 7Y
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Circular dichroism 1s concerned with the change in the i
with the differsntial absorption by the chromophore o)
polarized waves. Figure 14.22¢ shows a CD curve with #
ure 14.23a shaws hovw elliptically polarized Ijght is gen
intensity of the right circularly polarized beam caused by
effects are ¢ ombmem, as in Figure 14.23b, the long axis ¢
. The ellipticity is defined by W = tan™ ' (QA/OB). ¥ is ¢
absorbauce difference,

W= e, —en)/A

where ¢ ts the molar absorptivity, the L and R standing for
polarized light, and A is the wavelength at wiich the ellipt
CD can have both posiiive and negative deviations fro
tage that CD has over ORD is that there is no signal at w
no absorption; conseguently, the baseline 1s easy tc defin
the determination of conformations, CD has applications t¢
which promise to become a major thrust in fulure years.
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FIGURE 14.44

(a) A view of the structure of
Cp.Ti(SiHz){PMes) loaking
along the Si-Tt bond with Ti
hidden. {b) EPR spectrum of
Cp, THSiHg{PMe;) in toluene at

{1 joom temperature for well-sepa-

rated hyperfine couplings. {c) EPR
spectrum of szﬁ(SlHa)(PM@g) (A)

~ with ovenap of hyperfine cou-

plings, along with a numetical
simulation (B). Reproduced with
permission from W. Hao, A,
Lebuis, and J. F. Harrod, “Synthe-
sis and structural characterization
of CpaTi{SiHg){PMegs)," Chem.
Commun. 1089 (15998), Figures a_,

bandc, by permission of The

Royal Society of Chemistry.
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a.
[— L
20G 10G
|
g=1.9956 A B
k. .

and the electron spin it is ay = 3.75 G. These are determined by simulating the
spectrum. Such simulations are essential to the interpretation of many ESR spectra.
Using computational methods, the values of overlapping hyperfine coupling con-
stants can be deduced. Shown in Figure 14.44c, part B is a simulated spectrum
which can be compared to the actual spectrum in Figure 14.44c, part A. The agree-
ment in this case is not perfect, since small and complicated couplings to the
protons of the pyridine ring are not included.

148 - MOssbauer Spectroscopy

R. L. Méssbauer received the

Nobe! Prize in physics in 1961
for discovering the Mbssbauer
effect.

In 1958 the German physicist Rudolf Ludwig Mossbauver (b. 1929) discovered what
has come o be known as the Mossbauer effect. It is concerned with the emission
of v {Greek gamma) rays, which under ordinary conditions are emitted with a con-
siderable spread of wavelengih. This is because of the cecoil of the emitting nuclel.
However, in Mossbauer’s experiments the emitiing nuclei were part of a crystal, the
recoil of which is very small, and the « rays are therefore emitied with an exceed-
ingly narrow spread of wavelength. In some experiments the spread is as low as 1
pact in 10, An important application of these bighly homogeneous v rays was to
provide a crucial test of Einstein's theory of relativity. They have also found useful
spectroscopic applications.
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