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A Q-switched laser using a rotating totally reflecting prism has been constructed. A power
of 50 megawatts in a 40-50 nanosecond pulse width has been obtained. Theoretical expres-
sions for obtaining maximal values of the peak power and radiated energy from the laser
are presented. The negative absorption coefficient for ruby with antireflecting coatings at
the ends (length 115 mm, diameter 12 mm) is determined. It is shown that in order to ob-
tain maximal energies (in the laser pulse) mirrors with high transmittance should be used
and that the mirror should operate as a mode selector. The radiation spectrum is investi-
gated with a Fabry-Perot interferometer. Generation of a single spectral component was
observed when a 3 mm thick mirror was employed.

WE have investigated the properties of a Q-
switched ruby laser with an output power up to 50
megawatts.

A ruby rod 115 mm long, 12 mm in diameter
and with anti-reflection coated ends was used as
the active element in the laser. The ruby was
water cooled. As a Q-switching device, a totally
reflecting prism was used and was rotated at 425
rps. A plane parallel plate with multi-layer die-
lectric coating deposited chemically was used as
the partially transparent mirror. The coefficient
of reflection of this mirror was varied between 70
and 16% (the latter being the reflectivity of the
plate without coatings). Two separate pulses were
produced under strong excitation.

The operation of such a laser has already been

considered theoretically by a number of authorst!-%,

The basic properties of a Q-switched laser can be
obtained from theoretical calculations given in 1]

for the case of instantaneous Q-switching. Although

such a treatment is valid only under certain re-
strictions, it allows one to obtain analytical ex-
pressions which may easily be compared with ex-
periment. The calculations made in [3-3 lead to
the same expressions. One exception is the paper
in which account is taken of the finite switching
time [J and in which it is shown that in this case
it is possible to generate more than one pulse.

In what follows we will be interested only in

conditions under which a single pulse is generated.
1]

Using the formulas given in -~ we can derive the
conditions for obtaining the maximum energy and
peak power for given internal losses. As usual
we call the difference between the number of par-

ticles in the upper level and in the lower level the
number of active particles.

Let n(t) be the density of active particles,
n(0)=ny x=n(t)/ny whence it is clear that
x(t) = 1. The laser field density vanishes for
two values of x, which may be found from the
equation

1—2z+4 (a/ap) Inz =0, 1)

where «j, is the absolute magnitude of the nega-
tive absorption coefficient, and «, is the magni-
tude of the absorption coefficient describing all
losses. One of the roots of this equation is x’ = 1;
the second root x” depends on ay/ay.

Knowing x’ and x” one may find the total en-
ergy emitted per unit volume of the crystal during
the duration of laser action, namely

W = 1fanohv(z’ — z”’). (2)

Part of this energy goes into emission and the
rest into the internal losses. Let the losses con-
nected with the output radiation be described by an
effective absorption coefficient «(, and let the
internal losses be described by a coefficient «f.
We then have

a0 = ao’ 4 w”. (3)

According to (1) and (3) the energy radiated will
be
aO/ aol

W=
aol+aoll 9 (aol + aoll)

Since «§ does not vary when «; does, we may
find the maximum radiated energy by varying oy,

W’ =

hvng(z' — ). (4)
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that is by varying the mirror transmission. From
(4) and (1), the maximum radiated energy is ob-
tained when x” = af/ap. Putting this value of x”
in (1) we obtain an equation determining the op-
timum value of «j as a function of a§. The equa-
tion is

7

” 7/ ”
Go o .i_qo___ In Qo __ 0. (5)

ap ap ap
Knowing «j we may obtain the optimum re-
flectivity from the formula

k= exp (—2a¢'l). (6)

Let af = 0.025 cm™! and let ap = 0.25cm™".
Then according to equation (5) ay= 0.29 o} and
the optimum reflectivity for the mirror with

2l =23 cm. is k=e "%, i.e. about 19%. It follows
from this calculation that for @y, approximately
0.2 to 0.3 cm~! one must choose mirrors with
large transmissions, provided the internal losses
are not extremely large.

We are also interested in the condition for ob-
taining maximum peak emitted power. The peak
radiated power is determined by differentiating
the maximum energy density pmax With respect
to the quantity af. According to [!] we have

h o a
Pmax = \:no (1_ba9—+—0—hl 0 > (7)
ap Up ap
The peak power is maximized when
a(aO,pmax) /6(7-0/ = 07 (8)
i.e.,
4 " 2 4 7”7 7 7
| % + ao *+-a0 + oo n % + ao —0. )
ap Qp ap

If the internal losses may be neglected, then the
optimum value of a; is 0.285 ap.

It is clear from (5) and (9) that the conditions
for obtaining maximum energy and maximum peak
power are different. For example, for «p =
0.25 cm™! and af = 0.025 cm™!, the optimum value of
af is 0.27 ap. The duration of the pulse (between
half-power points) is, according to o, given by

S (2_4)110}1\7(1'1—.%2) ’

10
AoUP max (10)

where v is the velocity of light, and x; and x, are
the roots of the equation

The pulse length is determined by all losses, and
its minimum duration depends only on the ratio
ao/ab.

It is clear from what has been said above that

the optimal values of the energy, power and pulse
length occur for different values of the mirror
transmission and that the optimum transmission
of the mirror depends on the inversion obtainable,
i.e., on ap and on the magnitude of the internal
losses. Unfortunately detailed comparison of
theory with experiment is made difficult by the
fact that the ruby rod is excited nonuniformly.
This fact has already been established (6],

In order to know the value of @}, obtainable in
our case, measurements were made of the de-
pendence of the magnitude of @p on pump energy
for a ruby in an elliptical cavity excited by a IFE-
5000 flash lamp. The form of this dependence
(cf. the Figure) agrees with similar data obtained
int7, The magnitude of ap was determined from
the laser threshold for various reflectivities of
the cavity mirrors when the laser was operated
in the normal regime. It turned out that for anti-
reflection coated ends of the ruby, a value of «ay,
greater than 0.25 cm~! was attainable. This value
of ap refers only to the central part of the cross-
section of the crystal. The value of aj may be
considerably smaller in the peripheral regions of
the cross section. In the Q-switched regime we
obtained the maximum energy per pulse when the
reflector was made from K-8 glass without die-
lectric coatings. This corresponds to a reflectiv-
ity of 16% since laser action takes place at wave-
lengths for which the reflections from the near
and far surfaces of the plate are in phase. This
experiment supports the conclusions of the theory
concerning the necessity of using a mirror with a
large transmission if ap is sufficiently large and
the internal losses are small.

This is of course also interest in investigating
the spectral properties of the output of such a
laser. To do this we used a Fabry-Perot inter-
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ferometer (R = 86%, plate separation 3 or 2 mm).
The spectrum consisted of a set of relatively
narrow lines, the number of which varied from 1
to 7 and was not always the same for similar op-
erating conditions of the laser. The width of the
individual components for small pump powers was
determined by the instrumental width for t = 3 mm
(0.08 em™! ). With increasing pump powers, sev-
eral of the components broadened considerably
and became as wide as 0.15 cm~!. The total width
of the spectrum for small pump powers was 1.5
cm~!. For larger pump powers the width of the
spectrum decreased and was on the average about
0.6 cm™1.

In working with the reflecting plate of K-8
glass of 12.5 mm thickness several spectral com-
ponents were observed having a constant separa-
tion between them of 0.26 cm™!. As already
pointed out this effect can be explained by the fact
that the reflecting plate in this case acts as a
mode selector for the axial cavity modes. Only
those cavity modes are excited for which the
thickness of the reflector equals an integral num-
ber of half-wavelengths. In this case the separa-
tion between nearest laser modes must satisfy the
requirement

Av = Yy nl [cm™],

where n is the index of refraction of the plate
material and ! is its thickness. If one uses a
plate with a thickness less than 3 mm, only a
single spectral component is excited; its width is
of the order of 0.1 cm™! and exhibits a very high
degree of parallelism. Probably this is one of the
best methods for obtaining giant pulses of narrow

spectral width at room temperature !’.

DAn article has recently appeared describing an analogous
mode selector for a ruby laser operating in the usual regime [®].

et al.

When the beam of a giant pulse is focused by
a lens in air one observes a phenomenon analogous
to electrical breakdown. The threshold value of
the pulse power at which the spark appears de-
pends on the parameters of the focusing lens and
in our experiments was about 5-10 megawatts (o,
This agrees with data given in !, The dimen-
sions of the luminous volume increase with in-
creasing pulse power; in certain cases, for very
high pulse powers, we observed breakdown sparks
in several luminous regions. In these cases we
used a simple plate without coatings as a mirror;
this is very convenient since, in contrast even to
very good mirrors, the plate does not burn up.
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