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of R;, R, Thresholds
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Abstract—A simple method of measuring the losses of a ruby
laser resonant cavity has been developed in which the thresholds
for R, line and R; line operation are compared. A quartz birefringent
filter is placed in the cavity with quartz disk cut to allow Brewster-
angle operation and of such a thickness that the separation between
pass bands of the filter analyzer combination is 28 A. The analyzer,
placed between the filter and the output mirror, consists of a stack
of fused quartz plates at the Brewster-angle. A known loss is intro-
duced into the cavity by means of a plate inclined to the laser beam
at a known angle. With the filter set for R: operation the threshold
is adjusted to a suitable value by rotating the loss plate to give an
attenuation L./pass. The filter is then reset for R, operation and a
different (larger) attenuation L; must be introduced by the loss
plate to raise the R, threshold to the same level. An analysis of the
threshold populations of the 2E levels shows that the losses of the
cavity due to all sources of loss other than the loss plate may be
obtained from a plot of log L,, against log L,.

INTRODUCTION

EASUREMENTS OF the oscillation losses of
M ruby lasers have been reported by a number
of authors [1]-[6]. However, all the methods
employed are both time consuming and tedious to per-
form since they involve taking many threshold measure-
ments, which must also (except for the method given
in [5]) be taken over the temperature range from liquid
nitrogen to room temperature. In addition, the measure-
ments must be fitted to theoretical curves. The deriva-
tion of these theoretical curves requires some assumption
about the functional relationship between the pump energy
and the population of the *E levels, and also the assump-
tion, usually implicit, that the *E population is uniform
along the length of the rod. A method for measuring loss
is presented here which can be performed at room tem-
perature, only two threshold measurements being taken,
and which does not require the two assumptions men-
tioned above. It is assumed, however, that the losses
are identical for the R, and R, wavelengths of ruby. This
seems reasonable since the two lines are separated by
only 14 A.

The method consists essentially of introducing a known
loss L, into the laser cavity by means of a glass plate at
a known angle, and noting the threshold pump energy
for R, line operation. The laser is then constrained to
operate on the R, line by means of a birefringent filter
{7] which rejects the R, wavelength but passes the R,
wavelength with negligible attenuation. The plate is
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adjusted to give a smaller loss L, such that the threshold
energy for R, oscillation is the same as previously obtained
for R,. We now show that the knowledge of L, and L,
is sufficient for the calculation of the remaining cavity
losses.

THEORY

Figure 1 gives the relevant energy levels of pink ruby
[6], laser oscillation being obtained between the E(’E)
or 2A(°E) levels and the ‘4, ground level giving the
well-known R, and R, lines, respectively. The threshold
conditions for oscillation on the R, and R, lines for
identical pump energies may be derived as follows.

The populations N, of each of the levels indicated in
Fig. 1 are functions of both the pump energy absorbed
E, and the position (z, y, z) inside the ruby, where the z-
axis is chosen parallel to the geometrical axis of the rod.
Since the *T, and ’E levels are in thermal equilibrium
[8], the following relations hold for levels 2 to 6.

Nz, y,2,E) = Nu(z, y,2, E) exp (—hv:»/kT) (1)

where 1 = 2,3, .-, 6).

There is negligible population in the *T', and *T, levels
due to fast relaxation from these levels to the *E levels
so that

[
No= 2 Niz,y,2 E) @)
gl
where N, is the total number of chromium ions/cm?.
At 300°K, (1) and (2) can be combined to give

Ni(z,y,2,E) + 2.295N,(z, 4,2, E) = N, 3)
Nl(x, Y, 2, E) + 2.000N2(x, Y, 2, E) = No. (4)

Let R, be the double-pass cavity attentuation for
R, line radiation due to scatter, diffraction, etc., and the
reflection loss from the inserted glass plate; let R, be
the corresponding quantity for the R, line. The absorp-
tion cross section for the transition *4, — E will be
written as ¢; and for *4, — 24 as ¢,. Then, by an ex-
tension of Maiman’s analysis [9], the threshold condi-
tion for oscillation on the R, line is

14
InR, =2 fo [Nz, y,2,E) — 2Ny(z, y,2, E)lon dz (5)

where [ is the length of the ruby rod and integration is
carried out along the lasing filament. The factor 2 before
Ny(z, y, 2, E) results from the different statistical weights
of the *4, and A4 levels.
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4T, ~25 000 em™

4T, ~18 000 cm™

gs =2, N E,(Ty) 15 190 em™!
gs = 2, N; 24(*T)) 15 168 cm™!
g« =2, Ny E4(*T)) 14 957 cm™
g =2, N, 2A(*E) 14 446 cm™!
g2 =2, Ny E(E) 14 417 cm™!
R [R.
|
N = 4 N; 44,

Fig. 1. Energy level diagram of Cr** in Al:Q,. Statistical weights

and populations are given on the left.

Similarly, the threshold condition for R, oscillation is

InR, = 2 fox Vi, y, 2, E) — 2Nz, 9, 2, B)]oa dz, (6)

integration being again carried out along the lasing fila-
ment.

Ni(z, y, 2, E) can be eliminated from (5) by means of
(4), and from (6) by means of (3) to give

InR, = 20.Nol — 8 f Nz, ¥, 2, B) do )
4]

1
IR, = 20,Nol — 2 X 4.295 f e:Ny(@, ¥, 2, E) dz.  (8)
0

With a loss plate inserted in the cavity, R, and R, can
be varied so that the threshold equations (7) and (8)
for R, and R, line oscillation are satisfied at exactly the
same pump energy E,.

But from (1), at 300°K,

Nz, y,2,E,) = 087Nz, y, 2, E,) 9)
and substituting this expression for N;(z, ¥, 2z, E) in (8),
In R, = 20,Nol — 2 X 4.295 X 0.87

1
[ ol v, 2, B dz. (10)
o
If threshold laser action on the R, line takes place in
the same filament as for R,, then we can equate
J} No(z, y, 2, E,) in (7) and (10) to give

ln R1 - 2N00'1 — ln Rz - 2N00'2l
40, 0.87(4.2950.)

So far no account has been taken of the absorption of
R, and R, light by Cr®* ions in excited states. It has
been pointed out by Nelson and Remeika [6] that such
an absorption would constitute an oscillation loss. Un-
fortunately, the magnitude of this loss is uncertain since

(11)
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a wide range of values have been reported [10]-[14] for
the absorption cross section from the excited levels.
Following the same argument as that of Nelson and
Remeika, we define a cross section o, which is the average
absorption cross section for o-polarized R, light by chro-
mium ions residing in the excited states 2, 3, --- , 6.
o, will be assumed equal for the R, and R, wavelengths.
The absorption coefficient from the excited levels for
R, or R, light is then

> Nz, y,2 E).. (12)

=2

But from (1), at 300°K

Z Nz, y,2 E) = 2000N,(z, y, 2, E)
- (13)
= 2.295N;(z, v, 2, E)

A and the absorption in (12) can be included in (7) and (8)

to give

1
InR, = 20,Nol — 8 f o:Ny(z, 9, 2, E) dz
0

+ 20000, [ WNue, v, 5 Eyde  (14)
and
In R, = 20,Nol — 2 X 4.205 fo 0Nz, 3,2, E) do
+2 X 2.205 fol oNyz, v, 2, E) do.  (15)
Hence, (11) now becomes
In R, — 2Nyo0,l _ In B, — 2N,0.l ) (16)

40, — 20, 0.87(4.2950, — 2.2950,)

Let &, be the single-pass attenuation of R, light due
to scatter, diffraction, and mirror losses, and L, the
single-pass attenuation of R, light due to the loss plate.
If 5, and L, are the corresponding quantities for R, light
then

R, = 8L} (17)
R, = &L;. (18)
Substituting (17) and (18) into (16) we obtain
In L, + In 8, — Nyoyl _ InL, + In §, — Nyo,l . (19)
4g, — 20, 0.87(4.2950, — 2.2950,)

The unknowns are §, and é,, and if, as discussed above,
the assumption is made that, §, = §, = §, say then &
can be calculated from (19).

APPARATUS

The experimental arrangement is shown in Fig. 2.
The laser head, which can accommodate Brewster-angled
or plane-ended, two-inch rubies, consists of a multilayer
dielectric-coated elliptical cylinder. The ruby is pumped
by a linear two-inch flash tube which is energized by a
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capacitor bank of 200 uF. The dielectric-coated mirrors
have a reflectivity of better than 99 percent and are
separated by a distance of 40 cm.

The use of a birefringent filter to obtain R, line opera-
tion has been described by Hubbard and Fisher [7] but the
technique used here differs in some details. For simplicity

of description we shall assume that a 90° cut ruby is used,

although this is not necessary for the experiment. The
natural quartz retardation plate is cut to allow Brewster-
angle operation and is of such a thickness that the separa-
tion between pass bands of the filter/analyzer combina-
tion is 28 A, twice the R,—R, separation. Tuning of the
filter is achieved by rotating the disk about an axis parallel
to the c¢-axis of the ruby [16], a rotation of 51 minutes
changing the filter from R, pass to R, pass. Temperature
tuning is also possible [7] and the range of temperature
required is about 20°C. To avoid detuning due to ambient
temperature changes, the work was carried out in a
room whose temperature was stabilized to 2=1/4°C.

The analyzer consists of a stack of fused quartz plates
at the Brewster angle [17]. The single-pass optical path
through the retardation plate is twice that used by Hub-
bard and Fisher and the analyzer plates are therefore
used in double pass, reducing the number of plates
required.

The ordinary and extraordinary rays in the quartz
propagate in slightly different directions, the calculated
angle between them being 13 minutes. The imperfect
recombination of the two rays is a source of loss since
light leaving the quartz will not be 100 percent linearly
polarized perpendicular to the ruby c-axis. However,
measurement has shown that when the filter is tuned
for R, or R,, less than 1 percent of the laser radiation
leaving the quartz is polarized parallel to the c-axis.
Hence, the insertion loss of the filter is less than 1 percent
at the pass wavelength.

The known loss is introduced into the cavity by means
of a fused quartz plate inclined to the laser beam at a
known angle. The plate is wedged by about 3 minutes
to prevent its acting as a Fabry—Perot etalon. The axis
of rotation of the loss plate is perpendicular to the c-axis
whereas the analyzer can be rotated about an axis parallel
to the c-axis. It is necessary to know the refractive index
of the plate and the angle of incidence accurately, par-
ticularly at large angles of incidence.

MEASUREMENT

For various values of the threshold energy, correspond-
ing values of L, and L, are obtained. From (19) it can
be seen that a plot of In L, against In L, should give
a straight line with gradient

40, — 20,

¢ = 087(4.2950, — 2.2050,) (20)
Substituting G from (20) in (19) gives
(21)

InL =GlnL + (G — 1Ins+ Nollo, — Gos).
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Fig. 2. Laser cavity with birefringent filter and loss plate.
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Fig. 3. Dependence of threshold (expressed as the voltage across
the capacitor bank) on inserted loss for both R lines.
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Fig. 4. Plot of In L, against In L,.

TABLE 1
Doping Percent
Percent Geometry & Loss Per
Ruby Cr#t Finish e Pass
1 0.03 both ends flat, 1.43 37
polished side
2 0.05 both ends flat, 1.44 46
polished side
3 0.027 both ends flat, 1.45 31
rough side
4 0.03 Brewster ends, 1.47 15
rough side

‘—/
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From the gradient and the intercept on the In L, axis,
and knowing N,, I, ¢,, o3, the loss § can be found. Figures
3 and 4 show the results from a typical experiment.
Figure 3 gives the threshold voltage for oscillation on
R, or R, for various values of inserted loss. From the
curves in Fig. 3 the values of In L, and In L, corresponding
to the same threshold energy can be found, and from
this information Fig. 4 has been obtained. Four rubies
of different geometries and dopings have been measured
and the results are given in Table 1.

Discussion

For all four rubies the plot of In L, against In L, gave
a straight line and, within experimental error, the gradient
of this line is the same for all the rubies, as predicted by
(19), thus confirming the threshold model used here. The
value of the gradient is 1.45 with an estimated accuracy
of +0.05. Substituting this in (21) and using the values
o1 = 20 X 10°% cm® and ¢, = 1.45 X 107*° cm? cal-
culated from the data of Nelson and Sturge [8], (21)
becomes

InL, =145In L, + 0451n 6§ — 1.03 X 107" N,l. (22)

Thus, for any ruby, knowing the doping and the length,
the loss 6 can be found by measuring just one pair of
corresponding values of L, and L, and then substituting
these values in (22).

A valuable feature of this technique of loss measure-
ment is that it gives the cavity loss § separated from any
loss due to absorption from excited levels. It also gives
some information about the value of ¢,. By inserting the
experimentally obtained value G = 1.45 + 0.05 and the
values of o, and o, quoted previously into (20), it is
found that the upper limit for o, is 2.5 X 107* cm®.
This is about.one-quarter of the value extrapolated from
the data of Gires and Mayer [10], [11] and is in agree-
ment with more recent measurements [12]-[15].

It is difficult to estimate the absolute accuracy of the
results in the last column of Table I. They have all been
calculated using the value G = 1.45 in (21). However,
8 is sensitive to the value of the term o, — Go, in (21)
(since o, ~ Go,), and this, in turn, is sensitive to the
values of G and ¢,/0.. A more accurate estimate of G
than we have obtained experimentally is needed, and an
accurate calculation of G from (20) requires a more
precise knowledge of ¢, than the most reliable value so
far available, (3 & 1) X 107* cm® given by Kiang et
al. [12). Regardless of the exact choice of G in (21), how-
ever, the technique does give an accurate comparison
of the relative losses of different rubies.

CONCLUSION

A technique for ruby loss measurement has been
developed which is simple to perform and needs a minimal
amount of calculation from the raw experimental data.
Since explicit knowledge of the functions N,(z, y, 2, E)

IEEE JOURNAL OF QUANTUM ELECTRONICS

SEPTEMBER

is not required, the technique can be applied to any ruby
regardless of geometry and pumping scheme. The loss
5 so obtained is the cavity loss as distinet from any loss
due to excited state absorption.

Three assumptions have been used in the analysis.
The first is that the cavity loss § is the same for R, and
R,. This would only be violated if there were a sharp
impurity absorption line (not due to Cr’*) coinciding
with just one of the R lines. The second assumption is
that threshold laser action on the R, line takes place in
the same filament as for R,. The validity of this assump-
tion is a consequence of the first assumption since which
ever filament is least lossy for R, should also be least
lossy for R,. However, as an additional check, confirma-
tion of this has been made in photographs taken of the
ruby face while laser action was taking place. The last
assumption was that ¢, is the same for R; and R, light.
The measurements of Kiang et al. [12] show that ¢, is
only changing slowly with Wayelength at 6900 A. Exact
measurement of o, at 6943 A (R,) or 6929 A (R,) is
difficult since R line fluorescence causes some uncertainty.
However, this last assumption would only be violated
by the fortuitous coincidence of an excited level absorp-
tion line with either the R, or B, wavelength.
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