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Concave rn irror: reflects 99%, transmi ts 1% 
Flat mirror: 100% reflective 

difficult to achieve because more than half the atoms in the ground state must be 
excited. In a four-level laser, population inversion is easily achieved because the 
state after stimulated emission is not the ground state but an excited state that is 
normally unpopulated. 

Figure 31-10 shows a schematic diagram of a helium-neon laser commonly 
used for physics demonstrations. The helium-neon laser consists of a gas tube 
that contains 15 percent helium gas and 85 percent neon gas. A totally reflecting 
flat mirror is mounted at one end of the gas tube and a 99 percent reflecting 
concave mirror is placed at the other end of the gas tube. The concave mirror 
focuses parallel light at the flat mirror and also acts as a lens that transmits part 
of the light, so that the light emerges as a parallel beam. 

A laser beam is coherent, very narrow, and intense. Its coherence makes 
the laser beam useful in the production of holograms, which we discuss in Chap
ter 33. The precise direction and small angular spread of the laser beam make it 
useful as a surgical tool for destroying cancer cells or reattaching a detached 
retina. Lasers are also used by surveyors for precise alignment over large 
distances. Distances can be accurately measured by reflecting a laser pulse from a 
mirror and measuring the time the pulse takes to travel to the mirror and back. 
The distance to the moon has been measured to within a few centimeters using a 
mirror placed on the moon for that purpose. Laser beams are also used in fusion 
research . An intense laser pulse is focused on tiny pellets of deuterium-tritium in 
a combustion chamber. The beam heats the pellets to temperatures of the order 
of 108 K in a very short time, causing the deuterium and tritium to fuse and 
release energy. 

Laser technology is advancing so quickly that it is possible to mention only a 
few of the recent developments. In addition to the ruby laser, there are many 
other solid-state lasers with output wavelengths that range from approximately 
170 nm to 3900 nm. Lasers that generate more than 1 kW of continuous power 
have been constructed. Pulsed lasers can now deliver nanosecond pulses of 
power exceeding 1014 W. Various gas lasers can now produce beams of wave
lengths that range from the far infrared to the ultraviolet. Semiconductor lasers 
(also known as diode lasers or junction lasers) have shrunk in just 10 years from 
the size of a pinhead to mere billionths of a meter. Liquid lasers that use chemical 
dyes can be tuned over a range of wavelengths (approximately 70 nm for contin
uous lasers and more than 1 70 nm for pulsed lasers). A relatively new laser, the 
free-electron laser, extracts light energy from a beam of free electrons moving 
through a spatially varying magnetic field. The free-electron laser has the 
potential for very high power and high efficiency and can be tuned over a large 
range of wavelengths. There appears to be no limit to the variety and uses of 
modern lasers. 

3 1 . 4 T h e  S p e e d  o f  L i g h t  

Prior to the seventeenth century the speed of light was thought by many to be 
infinite, and an effort to measure the speed of light was made by Galileo. He and 
a partner stood on hilltops about three kilometers apart, each with a lantern and 

F I G  U R E 3 1 - 1 0 Schematic drawing of a 
helium-neon laser. The use of a concave 
mirror rather than a second plane mirror 
makes the alignment of the mirrors less 
critical than it is for the ruby laser. The 
concave mirror on the right also serves 
as a lens that focuses the emitted light 
into a parallel beam. 
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a shutter to cover it. Galileo proposed to measure the time it took for light to 
travel back and forth between the experimenters. First, one would uncover his 
lantern, and when the other saw the light, he would uncover his. The time 
between the first partner's uncovering his lantern and his seeing the light 
from the other lantern would be the time it took for light to travel back and forth 
between the experimenters. Though this method is sound in principle, the speed 
of light is so great that the time interval to be measured is much smaller than 
fluctuations in human response time, so Galileo was unable to obtain a value for 
the speed of light. 

The first indication of the true magnitude of the speed of light came from 
astronomical observations of the period of 10, one of the moons of Jupiter. This 
period is determined by measuring the time between eclipses of 10 behind 
Jupiter. The eclipse period is about 42.5 h, but measurements made when the 
earth is moving away from Jupiter along path ABC in Figure 31-11 give a greater 
time for this period than do measurements made when the earth is moving 
toward Jupiter along path CDA in the figure. Since these measurements differ 
from the average value by only about 15 s, the discrepancies were difficult to 
measure accurately. In 1675, the astronomer Ole Romer attributed these discrep
ancies to the fact that the speed of light is finite, and that during the 42.5 h 
between eclipses of jupiter's moon, the distance between the earth and Jupiter 
changes, making the path for the light longer or shorter. Romer devised the 
following method for measuring the cumulative effect of these discrepancies. 
Jupiter is moving much more slowly than the earth, so we can neglect its motion. 
When the earth is at point A, nearest to Jupiter, the distance between the earth 
and Jupiter is changing negligibly. The period of lo's eclipse is measured, provid
ing the time between the beginnings of successive eclipses. Based on this mea
surement, the number of occultations during 6 months is computed, and the time 
when an eclipse should begin a half-year later when the earth is at point C is 
predicted. When the earth is actually at point C, the observed beginning of the 
eclipse is about 16.6 min later than predicted. This is the time it takes light to 
travel a distance equal to the diameter of the earth's orbit. This calculation 
neglects the distance traveled by Jupiter toward the earth. However, because the 
orbital speed of Jupiter is so much slower than that of the earth, the distance 
Jupiter moves toward (or away from) the earth during the 6 months is much less 
than the diameter of the earth's orbit. 

E X  E R e  I 5 E Calculate (a) the distance traveled by the earth between successive 
eclipses of 10 and (b) the speed of light, given that the time between successive 
eclipses is 15 s longer than average when the earth is moving directly away from 
Jupiter. (Answer (a) 4.59 X 106 km (b) 3.06 X 108 m/s) 
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F I G  U R E 3 1 - 1 1 Romer's method of measuring the speed of light. The time between 
eclipses of Jupiter's moon 10 appears to be greater when the earth is moving along path 
ABC than when the earth is moving along path CDA. The difference is due to the time 
it takes light to travel the distance traveled by the earth along the line of sight during 
one period of 10. (The distance traveled by Jupiter in one earth year is negligible.) 




