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Forty-five years ago this
year, physicist Theodore

Maiman and his

colleagues succeeded

in making the first laser

work at Hughes Research

Laboratories in Malibu,
Calif. Maiman performed
the eXperiment on

May 16, 1960, using an

elegant ruby rod placed

ina spxing—shaded flash

lamp. This article is
adapted from Jeff Hecht's

* new book describing the

science, politics and
paSsion surrounding

the great laser race;

Beam: The Race to Make

the Laser was published

in March 2005 by Oxford

Uniirersity Press.
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Hughes Research Laboratory, courtesy AIP Emilio Segre Visual Archives

Theodore Maiman and Irnee D'Haenens display the first laser a quarter century after they
made it.




Sharp spike of laser pulse above threshold

A small spike of stimulated emissicn at threshold

Fluorescence only below threshold

Ruby laser pulses rise and fall much faster than fluorescence produced by lower-power
illumination. When Maiman started with modest flashlamp pulses, he saw only the rise
and slow fluorescence (bottom). At laser threshold, a small spike of stimulated emission
(center). When the flashlamp power exceeded the laser threshold, stimulated emission
extracted energy from the ruby in a brief burst much shorter and more intense than the
fluorescence he saw at lower flashlamp powers (fop).




‘ Above laser threshold,
R, line is narrower and
much stronger than R,

g

Ry : Ry
) Wavelength

Below laser threshold, both
lines are wide and Ry is only
about twice as strong as R,

R
o Wavelength

Laser operation narrowed the range of wavelengths-and shifted the balance between the
two red lines of ruby. Spontaneous emission from ruby (bottom) was fairly evenly divided
between twa lines called R, and R,. Above laser threshold, laser oscillation narrowed the
R, line and greatly increased its power, leaving the R, line weak (top). Maiman had pre-
dicted this effect, and he considered observing it proof of laser operation.



“The output trace
started to shoot up

in peak intensity and
the initial decay time
rapidly decreased,”
Maiman wrote.
“Voila. This was it! |

"
!

The laser was born

When it came time to announce Maiman’s laser, Hughes’s public relations firm hired a top [
photographer to take pictures. The photographer liked to get shots of people behind their [
inventions, but Maiman’s first laser was too small, so he insisted on using a larger flashlamp
and ruby rod. This photo was widely published as the “first” laser, and when other researchers
tried to duplicate Maiman'’s work, they used this larger flashlamp to pump their ruby rods.
Although they had the wrong lamp, their experiments worked within a few weeks.




The 60-beam

Omega laser system at the

University of Rochester’s
Laboratory for Laser Energetics (LLE) has
been a workhorse on the frontier of laser fusion and

high-energy-density physics for more than a decade. LLE : Schemai;?l;;ir:é
scientists are currently extending the performance of this unique, 60-beam Omega laser

system showing the beam-
direct-drive laser system by adding high-energy petawatt capabilities. lines and target chamber.




Short-Pulse Ca.mpé;b;iity Long-Pulse Capabiliq./
| Number of beamlines ; 7 2 4
é\;aximum on-target energy 2-6“;(]“ 6.5 K
On-target v:;vei(;ngth 1,053 nm 351 nm
Pulse-width range . 1 to 100 ps 0} to 10 ns
Focal-spot diameter 20 to 1,000 pm E 100 to 5,000 um |

Table 1: Omega EP Performance Goals

For short pulses, the on-target energies are limited by the demonstrated 10-ps grating-
damage threshold of 4.3 |/cm?. For long pulses, the on-target energies are limited by
the anticipated 1-ns UV high-reflectivity coating damage threshold of 7 J/em?2,
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Figure 3. Schematic of an Omega EP petawatt beamline highlighting the enabling technolo-
gies to meet the performance objectives. These technologies include OPCPA, large-aperture
laser amplifiers, a plasma-electrode Pockels cell switch, deformable mirrors and high-dam-

age-threshold tiled gratings.



(a) (b)

Figure 4. (a) LLE-designed and built single-segment amplifier module with a 40-cm clear aperture. These modules are stacked end-to-end to
form an 11-disk main amplifier and a 7-disk booster amplifier in each beamline. (b) Test firing of LLE-designed and built PEPC. The LLE PEPC has
a contrast ratio that exceeds 1,000:1, providing increased protection from potentially damaging target retroreflections.
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Figure 5. (a) Photograph showing the LLE
assembly of a large-aperture deformable mir-
ror. Three reflected wavefront measurements
were performed during closed-loop tests of
the wavefront control system. (b) The pre-
correction wavefront. (c-d) Flattening of the
wavefront achieved using the closed-loop
control system.




(b)

0.8 |- -
>
=2
Q
o n el
[0
Rel
i
2 040 — Theory
(o]
5 — Single mirror
n — Single grating
— Grating pair
0.0 % !
0 ro 2r, 3ry

Diffraction limit

Figure 6. (a) Photograph of the initial tiled-grating
setup used to demonstrate the concept’s feasibility. (b)
The encircled energy of the diffracted focal spot from
the tiled-grating pair [shown in (a)] compared with that
of a diffraction-limited focal spot.
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FIGURE 10.9 Spontaneous-emission spectrum of | | | |
Nd?** in YAG near the laser transition at A = 1.064 1.066 1.0656 1.064 1.063 1.062

pm. Source: Reference 7. A, mm

average ratio of laser frequency to the pump frequency is 0.5, and that the
lamp efficiency (optical output/electrical input) is 0.5, we obtain

Nzrhpiaser
5% 1072 x5 %1072 X 0.5 X 0.5

for the energy input to the lamp at threshold.

It is interesting to compare this last number to the figure of 300 J/cm? of
surface area obtained in the ruby example of Section 10.2. For reasonable
dimension crystals (e.g., length = 5 cm, r = 2 mm), we obtain Gjamp = 0.2 J.
We expect the ruby threshold to exceed that of Nd*>* : YAG by three orders of
magnitude, which is indeed the case.

(b) Continuous Operation. The minimum power needed to maintain N
atoms (per unit volume) in level 2 is just prior to attaining threshold

= (.31 J/cm?

%]amp =

L N;_Jw

min tZ

which for #; = tgpon, as is the case here, gives

_ Nhv

Prin =

= (.35 W/cm?
spont

Taking the crystal diameter as 0.25 cm and its length as 3 cm and using the
same efficiency factors assumed in the first part of this example, we can
estimate the power input to the lamp at threshold as

_0.35 X (m/4) x (0.25)* X 3
P(mlamp) o 5% 1072 X 5 X 1072 x 0.5 X 0.5

which is in reasonable agreement with experimental values (Reference 6).

=82W
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External
mirror

FIGURE 10.10 Typical continuous solid-state laser
setup employing an elliptic cylinder housing for
concentrating lamplight onto laser.

A typical arrangement used in continuous solid-state lasers is shown in
Figure 10.10. The highly polished elliptic cylinder is used to concentrate the
light from the lamp, which is placed along one focal axis, onto the laser rod,
which occupies the other axis. This configuration guarantees that most of the
light emitted by the lamp passes through the laser rod. The reflecting mirrors
are placed outside the cylinder.

10.4 THE NEODYMIUM-GLASS LASER

Qne of the most useful laser systems is that which results when the Nd** ion
IS present as an impurity atom in glass (Reference 8).

The energy levels involved in the laser transition in a typical glass are
shown in Figure 10.11. The laser emission wavelength is at A = 1.059 um,

11,540 cm—1
4
Farz 11,390

E| & § &

= 8 8

Q g % =]

2,260

4111.’2 1’950

FIGURE 10.11 Energy-level diagram for the ground
State and the states involved in laser emission near 1.059

#m for Nd** in a rubidium potassium barium silicate O R 490
glass. Source: Reference 8. oz —— 143
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FIGURE 10.12 Fluorescent emission of the 1.06 um
line of Nd3* at 300°K in various glass bases. Source:
Reference 8.

and the lower level is approximately 1950 cm™! above the ground state. As in
the case of Nd3*: YAG described in Section 10.3, we have here a four-level
laser since the thermal population of the lower laser level is negligible. The
fluorescent emission near A = 1.06 wm is shown in Figure 10.12. The fluores-
cent linewidth can be measured off directly and ranges, for the glasses shown,
around 300 cm~!. This width is approximately a factor of 50 larger than that
of Nd3* in ' YAG. This is due to the amorphous structure of glass, which causes
different Nd** ions to “‘see’” slightly different surroundings. This makes their
energy splittings vary slightly. Different ions consequently radiate at slightly
different frequencies, causing a broadening of the spontaneous emission spec-
trum. The absorption bands responsible for pumping the laser level are shown
in Figure 10.13. The probability that the absorption of a photon in any of
these bands will result in pumping an atom to the upper laser level (i.e., the
absorption quantum efficiency) has been estimated (Reference 8) at about
0.4.

The lifetime ¢, of the upper laser level depends on the host glass and on
the Nd3* concentration. This variation in two glass series is shown in Figure
10.14.

Numerical Example: Threshold for CW and Pulsed Operation of
Nd3* Glass Lasers. Let us estimate first the threshold for continuous (CW)
laser action in a Nd3* glass laser using the following data:

give
| times th
| explains the easy, continuous

BNd*" YA : g
._ . G laser on 4 pulse basis so that we can compare it with that of ruby.
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g m\;frsifon {:he optical gain constant y in Nd** : YAG is approximately 75

Ol Tuby, This causes the oscillation threshold to be very low and
\ (CW) operation of this laser compared to ruby.
The absorptijgp responsible for populating the upper level takes place in a

| number of band perween 13,000 and 25,000 cm™!,

Numerical Example: Threshold of an Nd**:YAG Laser. (a)

Pulsed ; .
ed Threshold, First, we estimate the energy needed to excite a typical

€ the follo,wing data:
[

20cm (length optical resonator)

L = 4% (= loss per pass), fp= Lic = 1.6 X 107% sec
n=15
A = 1.064 um
fspont = 5.5 x 1074 sec
Av

=6cm™}, m=1

| Usi
Ing the forego,mg data in (9.1-16) gives

2
Ny = AN, = S_W.?_EEBEL‘;_QE = 1.03 X 10'5 cn—3
7 cth

Bsti i I
- tUmating that '59, of the exciting light energy falls within the useful absorp-
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state. This time is much shorter than the 1077 sec lifetime of the upper laser
level 3S. The condition ¢, < ¢, for population inversion in the 35-2p transi-
tion (see Section 9.3) is thus fulfilled.

Another important point involves the level 15. Because of its long life,
it tends to collect atoms reaching it by radiative decay from the lower laser
level 2p. Atoms in 1S collide with discharge electrons and are excited back
into the lower laser level 2p. This reduces the inversion. Atoms in the 15
states relax back to the ground state mostly in collisions with the wall of
the discharge tube. For this reason, the gain in the 0.6328 wm transition is
found to increase with decreasing tube diameter.

2. 1.15 um Oscillation. The upper laser level 2§ is pumped by resonant
(energy-conserving) collisions with the metastable 2°S He level. It uses the
same lower level as the 0.6328 wum transition and, consequently, also
depends on wall collisions to depopulate the 1S Ne level.

3. 3.39 um Oscillation. This involves a 35-3p transition and thus uses the
same upper level as the 0.6328 um oscillation. It is remarkable for the fact
that it provides a small-signal* optical gain of about 50 dB/m. This large
gain reflects partly the dependence of y on A? [see Eq. (8.4-4)] as well as
the short lifetime of the 3p level, which allows the buildup of a large
inversion.

Because of the high gain in this transition, oscillation would normally
occur at 3.39 um rather than at 0.6328 um. The reason is that the threshold
condition will be reached first at 3.39 wm and, once that happens, the gain
“clamping’”” will prevent any further buildup of the population of 35. The
0.6328 wm laser overcomes this problem by introducing into the optical path
elements, such as glass or quartz Brewster windows, that absorb strongly at
3.39 wm but not at 0.6328 wm. This raises the threshold pumping level for the
3.39 um oscillation above that of the 0.6328 um oscillation.

A typical gas-laser setup is illustrated by Figure 10.16. The gas envelope
windows are tilted at Brewster's angle 65, so radiation with the electric field
vector in the plane of the paper suffers no reflection losses at the windows.
This causes the output radiation to be polarized in the sense shown, since the
orthogonal polarization (the E vector out of the plane of the paper) undergoes
reflection losses at the windows and, consequently, has a higher threshold.

10.6 THE CARBON DIOXIDE LASER

The lasers described so far in this chapter depend on electronic transitions
between states in which the electronic orbitals (i.e., charge distributions
around the atomic nucleus) are different. An example, consider the red
(0.6328 um) transition in Ne shown in Figure 10.15. It involves levels 2p°5s
and 2p°3p so that in making a transition from the upper to the lower laser

4 This is not the actual gain that exists inside the laser resonator, but the one-pass gain exercised
by a very small input wave propagating through the discharge. In the laser, the gain per pass s
reduced by saturation until it equals the loss per pass.

|
|
|
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FIGURE 10.16 Typical gas laser.

level, one of the six outer electrons changes from a hydrogenlike state 5s (i.e.,
n=>5,1=0)tooneinwhichn =3and/ = 1.

The CO; laser (Reference 12) is representative of the so-called molecular
lasers in which the energy levels of concern involve the internal vibration of
the molecules—that is, the relative motion of the constituent atoms. The
atomic electrons remain in their lowest energetic states and their degree of
excitation is not affected.

As an illustration, consider the simple case of the nitrogen molecule. The
molecular vibration involves the relative motion of the two atoms with re-
spect to each other. This vibration takes place at a characteristic frequency of
Vo = 2326 cm™!, which depends on the molecular mass as well as the elastic
restoring force between the atoms (Reference 13). The quantum mechanical
features of this system closely resemble those of the simple harmonic oscilla-
tor treated in Section 2.2. The degrees of vibrational excitation are discrete
(Le., quantized) and the energy of the molecule can take on the values
hvo(v + %), wherev=10,1,2,3,. . . . The energy-level diagram of N, (in its
lowest electronic state) would then ideally consist of an equally spaced set of
levels with a spacing of Av,. The ground state (v = 0) and the first excited state
(v = 1) are shown on the right side of Figure 10.17.

The CO, molecule presents a more complicated case. Since it consists of
three atoms, it can execute three basic internal vibrations, the so-called nor-
mal modes of vibration. These are shown in Figure 10.18. In (a) the molecule
1S at rest. In (b) the atoms vibrate along the internuclear axis in a symmetric
;nanner. In- (c) the molecul.es vibrate symmetrically along an axis perpendicu-
ar to the internuclear axis—the bending mode. In (4) the atoms vibrate
asymmetrically along the internuclear axis. This mode is referred to as the
asymmetric stretching mode. In the first approximation, one can assume that
the three normal modes are independent of each other, so the state of the CO
molecule can be described by a set of three integers (v;, v, v3) that corref

Spond, respectively, to the degree of excitation of the three modes described.
The total vibrational energy of the molecule is thus

E(vy, va, v3) = huy(vi + 3) + hvy(va + 3) + hos(vs + ) (10.6-1)
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here N, and N, are the population densities of level 1 and 2, respectively.
W l . .
Using (8.5-2) and (8.5-3) In (8.5-5), we obtain
N, [Baip(v) + Al = N1Bi2p(v)
and, substituting for p(v) from (8.5-4),

3}1]’/3
gmn’hy? ] =N [B —Sin__”]
N [ B gy * 4] = N P )

e the atoms are in thermal equilibrium, the ratio No/N is given by

(8.5-6)

Sinc
the Boltzmann factor
N _ 42 o~ VKT (8.5-7)
Ny 4§
Equating (N2/N) as given by (8.5-6) to (8.5-7) gives
swimwhv® Algalg1) (8.5-8)
63(ehv!kT i 1) T3 BlzehwkT al 321(32/51}
The last equality can be satisfied only when
g 8.5-9)
By, = BZl:g_zl (
imultaneously,
and, simu \ A .

Bs; &

We can, using (8.5-10), rewrite the induced transition rate (8.5-1) as

3 ~
; Ac? L SRUGCHS o v) (8'5_11)
(Wn)i = a1k pv) 87 v *tipont

-

= 1/A. .
WherEeqi;l;)tniton (8.5-11) gives the transition rate per atom due to a field wit

i i .In
uniform (white) spectrum with energy den:?lty per umt. f.requerzcy gl(:t) e
uantum electronics our main concern is in the transmc;rt{r ra zsnc D
?nduced by a monochromatic (i.e., single-frequency) ﬁdl('i }? A ?gusecsifon. =
us denote this transition rate as (Wa1)i- W;‘ havet . gsft;}fdmo fefreqwmCY o
i i f a monochromati
that the strength of interaction o : . ANETTRE
i ition i ional to the lineshape function g(»), sO
atomic transition is proportiona : (), L
;?v) Furthermore, we would expect (W21 )i toﬁg(l)do.ver uzito glv;fzi;)ériz fed e
; : 1 width of the radiation field is gradua g
O it bt i 1 d to the transition 1
i i rge compare
o to a point at which it becomes a ; -
ijirdth Th(le)se two requirements are satisfied if we take (W3;); as

3o,

(8.5-12)
Sqrn3hv3fsp0m

(Wa)i = gv)
! i i nsi-
i agnetic field inducing the tra
is the energy density of the electrom: 1 e
v_vhere Pv lshow ﬂlatg}(rwzl),- as given by (8.5-12) indeed goes over 51.1:100 -
FlOtn&(ér 05 S11) as the spectrum of the field broadens, we may consider
into (8.5-
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broad spectrum field as made up of a large number of closely spaced mono-
- chromatic components at v, with random phases and then by adding the
individual transition rates obtained from (8.5-12) obtain

c 2y,
(%i)f o ka (WZI)E(Vk) = m ; ;_f'g(yk) (85'13)

where p,, is the energy density of the field component oscillating at v;. We
can replace the summation of (8.5-13) by an integral if we replace p,, by p(v)

dv where p(v) is the energy density per unit frequency; thus, (8.5-13) be-
comes

¢ = p(v)g(v) dv
8w htgon ) = v3

(Wa1)i =

(8.5-14)

In situations where p(v) is sufficiently broad compared with 4(v), and thus the
variation of p(v)/v? over the region of interest [where g(v) is appreciable] can
be neglected, we can pull p(v)/»* outside the integral sign, obtaining

) 30,3
B’ h *topon,

(Wa1); p(v)

where we used the normalization condition

[ amav=1

This agrees with (8.5-11).
Returning to our central result, (8.5-12), we can rewrite it in terms of the
ntensity I, = cp,/n (W/m?) of the optical wave as

A, M,
(Wa1): = g(v)

© 8wy’

= 8.5-15
B vt 0 g

where ¢ is the velocity of propagation of light in vacuum. This is the same
result as that given by (8.3-9).

8.6 HOMOGENEOUS AND INHOMOGENEOUS
BROADENING

The term broadening is used to denote the finite spectral width of the re-
>ponse of atomic systems to electromagnetic fields. The broadening may man-

Estitself, as an example, in a plot of the absorption as a function of frequency
OrIn the frequency dependence of the gain of a laser medium. Such plots are
Mcluded in Chapter 10.

. We distinguish between two main classes of broadening mechanisms.

HOmOgeneous Broadening (Reference 6)

:'-‘. In this case, the atoms are indistinguishable and have the same transition
. fhergy F, — F,. The broadening is due to one or a combination of the
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