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PhET: Lasers

39.28 Three processes in which atoms
interact with light.
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Atoms of the alkali metals (at the far left-hand side of the periodic table; see
Appendix D) have one electron outside a core consisting of the nucleus and the
inner electrons, with net core charge +e. These atoms are approximately hydro-
genlike, especially in excited levels. Physicists have studied alkali atoms in which
the outer electron has been excited into a very large orbit with » = 1000. From
Eq. (39.8), the radius of such a Rydberg atom with n = 1000 is n”> = 10° times
the Bohr radius, or about 0.05 mm—about the size of a small grain of sand.

Although the Bohr model predicted the energy levels of the hydrogen atom
correctly, it raised as many questions as it answered. It combined elements of
classical physics with new postulates that were inconsistent with classical ideas.
The model provided no insight into what happens during a transition from one
orbit to another; the angular speeds of the electron motion were not in gen-
eral the angular frequencies of the emitted radiation, a result that is contrary to
classical electrodynamics. Attempts to extend the model to atoms with two or
more electrons were not successful. An electron moving in one of Bohr’s circu-
lar orbits forms a current loop and should produce a magnetic dipole moment
(see Section 27.7). However, a hydrogen atom in its ground level has no magnetic
moment due to orbital motion. In Chapters 40 and 41 we will find that an even
more radical departure from classical concepts was needed before the under-
standing of atomic structure could progress further.

TEST YOUR UNDERSTANDING OF SECTION 39.3 Consider the possible transi-
tions between energy levels in a He' ion. For which of these transitions in He™ will the
wavelength of the emitted photon be nearly the same as one of the wavelengths emitted
by excited H atoms? i) n = 2ton = 1;(i))n = 3ton = 2;(ii))n = 4ton = 3;

(iv)n = 4 ton = 2; (v) more than one of these; (vi) none of these. |

39.4 THE LASER

The laser is a light source that produces a beam of highly coherent and very
nearly monochromatic light as a result of cooperative emission from many atoms.
The name “laser” is an acronym for “light amplification by stimulated emission
of radiation.” We can understand the principles of laser operation from what we
have learned about atomic energy levels and photons. To do this we’ll have to
introduce two new concepts: stimulated emission and population inversion.

Spontaneous and Stimulated Emission

Consider a gas of atoms in a transparent container. Each atom is initially in its
ground level of energy E,, and also has an excited level of energy E¢y. If we shine
light of frequency f on the container, an atom can absorb one of the photons pro-
vided the photon energy £ = hf equals the energy difference E., — E, between
the levels. Figure 39.28a shows this process, in which three atoms A each absorb
a photon and go into the excited level. Some time later, the excited atoms (which
we denote as A¥) return to the ground level by each emitting a photon with the
same frequency as the one originally absorbed (Fig. 39.28b). This process is
called spontaneous emission. The direction and phase of each spontaneously
emitted photon are random.

In stimulated emission (Fig. 39.28c¢), each incident photon encounters a pre-
viously excited atom. A kind of resonance effect induces each atom to emit a
second photon with the same frequency, direction, phase, and polarization as the
incident photon, which is not changed by the process. For each atom there is
one photon before a stimulated emission and two photons after—thus the name
light amplification. Because the two photons have the same phase, they emerge
together as coherent radiation. The laser makes use of stimulated emission to
produce a beam consisting of a large number of such coherent photons.



To discuss stimulated emission from atoms in excited levels, we need to know
something about how many atoms are in each of the various energy levels. First,
we need to make the distinction between the terms energy level and state. A
system may have more than one way to attain a given energy level; each differ-
ent way is a different state. For instance, there are two ways of putting an ideal
unstretched spring in a given energy level. Remembering that the spring poten-
tial energy is U = ;kxz, we could compress the spring by x = —b or we could
stretch it by x = +b to get the same U = ékbz. The Bohr model had only one
state in each energy level, but we will find in Chapter 41 that the hydrogen atom
(Fig. 39.24b) actually has two ground states in its —13.60-eV ground level, eight
excited states in its —3.40-eV first excited level, and so on.

The Maxwell-Boltzmann distribution function (see Section 18.5) determines
the number of atoms in a given state in a gas. The function tells us that when the
gas is in thermal equilibrium at absolute temperature 7, the number n; of atoms
in a state with energy E; equals AeEil KT where k is the Boltzmann constant and
A is another constant determined by the total number of atoms in the gas. (In
Section 18.5, E was the kinetic energy imv2 of a gas molecule; here we're talking
about the internal energy of an atom.) Because of the negative exponent, fewer
atoms are in higher-energy states. If E, is a ground-state energy and E¢y is the
energy of an excited state, then the ratio of numbers of atoms in the two states is

Mex Ae Ee/T

= AT —(Eex—Eyg)/kT
Ae "¢

=e (39.18)
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For example, suppose E.x — E; = 2.0eV = 3.2 X 107197, the energy of a
620-nm visible-light photon. At T = 3000 K (roughly the temperature of the
filament in an incandescent light bulb or restaurant heat lamp),

Eex — Eq 32x 107177

= =1.73
kT (1.38 X 1072% J/K)(3000 K)

and
¢ BT EKT — 7173 = 0,00044

That is, the fraction of atoms in a state 2.0 eV above a ground state is extremely
small, even at this high temperature. The point is that at any reasonable tempera-
ture there aren’t enough atoms in excited states for any appreciable amount of
stimulated emission from these states to occur. Rather, a photon emitted by one
of the rare excited atoms will almost certainly be absorbed by an atom in the
ground state rather than encountering another excited atom.

Enhancing Stimulated Emission: Population Inversions

To make a laser, we need to promote stimulated emission by increasing the
number of atoms in excited states. Can we do that simply by illuminating the
container with radiation of frequency f = E/h corresponding to the energy dif-
ference E = E¢x — Eg, as in Fig. 39.28a? Some of the atoms absorb photons
of energy E and are raised to the excited state, and the population ratio nex/ng
momentarily increases. But because n, is originally so much larger than r.y, an
enormously intense beam of light would be required to momentarily increase rqy
to a value comparable to ng. The rate at which energy is absorbed from the beam
by the ng ground-state atoms far exceeds the rate at which energy is added to the
beam by stimulated emission from the relatively rare (ney) excited atoms.

We need to create a nonequilibrium situation in which there are more atoms
in a higher-energy state than in a lower-energy state. Such a situation is called
a population inversion. Then the rate of energy radiation by stimulated emis-
sion can exceed the rate of absorption, and the system will act as a net source
of radiation with photon energy E. We can achieve a population inversion by
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39.29 (a), (b), (c) Stages in the operation of a four-level laser. (d) The light emitted by atoms making spontaneous
transitions from state E to state E; is reflected between mirrors, so it continues to stimulate emission and gives rise
to coherent light. One mirror is partially transmitting and allows the high-intensity light beam to escape.
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starting with atoms that have the right kinds of excited states. Figure 39.29a
shows an energy-level diagram for such an atom with a ground state and three
excited states of energies E, E,, and E5. A laser that uses a material with energy
levels like these is called a four-level laser. For the laser action to work, the states
of energies £, and E3 must have ordinary short lifetimes of about 1078 s, while
the state of energy E, must have an unusually long lifetime of 1073 s or so. Such
a long-lived metastable state can occur if, for instance, there are restrictions
imposed by conservation of angular momentum that hinder photon emission
from this state. (We’ll discuss these restrictions in Chapter 41.) The metastable
state is the one that we want to populate.

To produce a population inversion, we pump the material to excite the atoms
out of the ground state into the states of energies E;, E,, and E3 (Fig. 39.29b).
If the atoms are in a gas, we can do this by inserting two electrodes into the gas
container. When a burst of sufficiently high voltage is applied to the electrodes,
an electric discharge occurs. Collisions between ionized atoms and electrons
carrying the discharge current then excite the atoms to various energy states.
Within about 10~ s the atoms that are excited to states E 1 and E5 undergo spon-
taneous photon emission, so these states end up depopulated. But atoms “pile up”
in the metastable state with energy E,. The number of atoms in the metastable
state is less than the number in the ground state, but is much greater than in
the nearly unoccupied state of energy E;. Hence there is a population inversion
of state E, relative to state E; (Fig. 39.29¢). You can see why we need the two
levels E and E3: Atoms that undergo spontaneous emission from the E3 level
help to populate the E, level, and the presence of the E level makes a population
inversion possible.

Over the next 10 s, some of the atoms in the long-lived metastable state E,
transition to state E; by spontaneous emission. The emitted photons of energy
hf = E, — E; are sent back and forth through the gas many times by a pair of
parallel mirrors (Fig. 39.29d), so that they can stimulate emission from as many
of the atoms in state E, as possible. The net result of all these processes is a
beam of light of frequency f that can be quite intense, has parallel rays, is
highly monochromatic, and is spatially coherent at all points within a given cross
section—that is, a laser beam. One of the mirrors is partially transparent, so a
portion of the beam emerges.

What we’ve described is a pulsed laser that produces a burst of coherent light
every time the atoms are pumped. Pulsed lasers are used in LASIK eye surgery
(an acronym for laser-assisted in situ keratomileusis) to reshape the cornea and
correct for nearsightedness, farsightedness, or astigmatism. In a continuous laser,
such as those found in the barcode scanners used at retail checkout counters,



energy is supplied to the atoms continuously (for instance, by having the power
supply in Fig. 39.29d provide a steady voltage to the electrodes) and a steady
beam of light emerges from the laser. For such a laser the pumping must be
intense enough to sustain the population inversion, so that the rate at which
atoms are added to level E, through pumping equals the rate at which atoms in
this level emit a photon and transition to level E;.

Since a special arrangement of energy levels is needed for laser action, it’s not
surprising that only certain materials can be used to make a laser. Some types
of laser use a solid, transparent material such as neodymium glass rather than a
gas. The most common kind of laser—used in laser printers (Section 21.1), laser
pointers, and to read the data on the disc in a DVD player or Blu-ray player—is
a semiconductor laser, which doesn’t use atomic energy levels at all. As we’ll
discuss in Chapter 42, these lasers instead use the energy levels of electrons that
are free to roam throughout the volume of the semiconductors.

TEST YOUR UNDERSTANDING OF SECTION 39.4  An ordinary neon light fix-
ture like those used in advertising signs emits red light of wavelength 632.8 nm. Neon
atoms are also used in a helium—neon laser (a type of gas laser). The light emitted by a
neon light fixture is (i) spontaneous emission; (ii) stimulated emission; (iii) both sponta-
neous and stimulated emission. |

39.5 CONTINUOUS SPECTRA

Emission line spectra come from matter in the gaseous state, in which the atoms
are so far apart that interactions between them are negligible and each atom
behaves as an isolated system. By contrast, a heated solid or liquid (in which
atoms are close to each other) nearly always emits radiation with a continuous
distribution of wavelengths rather than a line spectrum.

Here’s an analogy that suggests why there is a difference. A tuning fork emits
sound waves of a single definite frequency (a pure tone) when struck. But if you
tightly pack a suitcase full of tuning forks and then shake the suitcase, the prox-
imity of the tuning forks to each other affects the sound that they produce. What
you hear is mostly noise, which is sound with a continuous distribution of all
frequencies. In the same manner, isolated atoms in a gas emit light of certain
distinct frequencies when excited, but if the same atoms are crowded together in
a solid or liquid they produce a continuous spectrum of light.

In this section we’ll study an idealized case of continuous-spectrum radiation
from a hot, dense object. Just as was the case for the emission line spectrum of
light from an atom, we’ll find that we can understand the continuous spectrum
only if we use the ideas of energy levels and photons.

In the same way that an atom’s emission spectrum has the same lines as its
absorption spectrum, the ideal surface for emitting light with a continuous spec-
trum is one that also absorbs all wavelengths of electromagnetic radiation. Such
an ideal surface is called a blackbody because it would appear perfectly black
when illuminated; it would reflect no light at all. The continuous-spectrum
radiation that a blackbody emits is called blackbody radiation. Like a perfectly
frictionless incline or a massless rope, a perfect blackbody does not exist but is
nonetheless a useful idealization.

A good approximation to a blackbody is a hollow box with a small aperture in
one wall (Fig. 39.30). Light that enters the aperture will eventually be absorbed
by the walls of the box, so the box is a nearly perfect absorber. Conversely, when
we heat the box, the light that emanates from the aperture is nearly ideal black-
body radiation with a continuous spectrum.

By 1900 blackbody radiation had been studied extensively, and three char-
acteristics had been established. First, the total intensity / (the average rate of
radiation of energy per unit surface area or average power per area) emitted from
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39.30 A hollow box with a small aperture
behaves like a blackbody. When the box is
heated, the electromagnetic radiation that
emerges from the aperture has a blackbody
spectrum.

Hollow box with small aperture
(cross section)

Light that enters box is eventually absorbed.
Hence box approximates a perfect blackbody.
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