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Changes of the equal-width interference fringes from ruby crystals having plane parallel

ends during pumping are investigated using an

SFR-2M camera and a gas laser oscillating at

6328 A. It is found that due to nonuniform heating of the ruby by the pump light the corre-
sponding resonator acquires a spherical shape which promotes oscillation. The nonuniform

heating results from focusing of the pump ligh

t by the lateral cylindrical surfaces of the ruby

and from the generation of internal modes. Heating of the crystal was proportional to the

chromium concentration (c¢); with 5-kJ pump e

nergy and ¢ = 0.018% the temperature rise was

4.8°C, which is 1.5 times the calculated result. The pump energy absorbed by the crystal and
the efficiency of the illuminator are calculated.

IT is known that the fluorescent quantum efficiency
of a ruby is 70%,-1) and that its energy efficiency

is 20—40%. Therefore about 60—80% of the ab-
sorbed light energy is lost through heating of the
crystal lattice. It has been calculated[?} that up to
the onset of laser oscillation, when the ground-
state and excited-state populations are nearly
equal, a ruby crystal should be heated 1—2°C;
during oscillation, when the threshold is exceeded
by 20—30% it should be heated ~ 0.3°C; experimen-
tal confirmation has been obtained.[?] Because of
thermal expansion and the increased refractive
index of the ruby[‘ﬂ the laser resonator is changed.
Since the pump light is distributed unevenly over
the cross section of the ruby rod,[sj the initial
resonator shape is distorted and the emission
characteristics of the laser are modified. We con-
firmed this experimentally in[2], where modes
corresponding to a spherical cavity were observed
in a laser having plane reflectors.

FIG. 1. Schematic

EXPERIMENT

In the present work the change of the resonator
was investigated by means of an interferometer
having as its light source a He-Ne gas laser os-
cillating at 6328 A with the requisite coherence.
The light beam from the gas laser GL (Fig. 1),
rendered parallel by the lenses Ly and L,, tra-
versed a semitransparent dividing plate DP and
impinged at right angles on the end of a ruby R
located within the pumping apparatus (PL, C). The
plane parallel ends of the crystal were silver-
coated; the back end was rendered opaque while
the front end was 65—85% transmitting. The inter-
ference pattern formed by the light beams reflected
from the two ends was photographed during pump-
ing by a SFR-2M high-speed sequence camera.
Emission from the ruby and scattered pump light
were eliminated by two 6328-A interference filters
IF. The beam was focused, by means of a lens L,

PL

DP

diagram of the setup.
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FIG. 2. Inteference patterns of rubies at different times following the onset of pumping, for different pumping energies. For rubies
1 and 3 — ordinary beam; for ruby 2 — extraordinary beam. The optic axes of the crystals are horizontal. Ruby 1: 1a — 0 msec;
1b — 5 kJ, 0.7 msec; 1c — 5 kJ, 2msec; 1d — 5 kJ, 3.5msec; le — 10 k], 3.5msec; 1f — 15 kJ, 3.5msec. Ruby 2: 2a — Omsec;

2b — 5 kJ, 1.3msec; 2c — 5 kJ, 3.5msec; 2d — 10 k]J, 3.5msec; 2e — 15 kJ, 32msec. Ruby 3: 3a — Omsec; 3b — 5 kJ, 1.0 msec;

3c — 5 kJ, 3.5msec.

on the diaphragm d of 2-mm diameter placed ahead
of the entrance pupil of the SFR-2M instrument.
We used rubies 50 mm and ~ 74 mm long with
polished sides, and an IFK-15000 pumping lamp
inside a polished duraluminum cylinder; the lamp
was activated by a 1200-u F capacitor bank. The
SFR-2M was used as a single-frame camera
(operating as a ‘‘time magnifier’’); the 67-pusec
frame exposures were spaced 134-pusec apart. In
a single run of 4.0 msec we obtained 30 frames.

RESULTS

The fringes in the interference patterns are of
approximately equal width and A/2 = 0.32 u separ-

ation; examples of individual frames are seen in
Fig. 2. It can be seen that the positions, number,
and shapes of the fringes change during pumping.
This indicates, as was anticipated, that the overall
optical length and shape of the resonator are highly
modified during pumping.

The change of the optical path at any point in the
cross section of the ruby rod can be calculated by
computing the number of fringes Am passing the
point. The corresponding change AT in the mean
temperature along the rod is calculated from

AAm

S et (1)
AT 21(0us 0T + pa) ’

where [ is the length of the rod, u is the refractive
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FIG. 3. Variation of meantemperature increase AT along ruby
rod axis for total electrical pump energy 5 kJ. a — temperature
increase AT and integrated pumping power E vs. time t; b —
temperature increase AT vs. integrated pumping power E.
Curve 1 — ruby 1 (c = 0.007% Cr); 2 — ruby 2 (c = 0.018% Cr);
3 — ruby 3 (c = 0.03% Cr).

index, a is the thermal expansion coefficient, and
ou /8T is the temperature coefficient of change in
the refractive index of the ruby. The values of these
quantities, taken from(64), were: p, = 1.77,

pe =1.76, /0T = 13.6 X 108 deg™!, due/8T
=14.7x 10 % deg!, and a = 4.3 x 10 deg™! (refrac-
tion of the ordinary beam is denoted by the sub-
script 0, and that of the extraordinary beam by e).
The calculation neglected changes of the refractive
index resulting from mechanical strains. Estimates
show that as these strains are generated (as will

be discussed) by the developing thermal gradients,
they cause a change of u which is one order of mag-
nitude smaller than that calculated from (1).

In Fig. 3a we see curves plotted from the fore-
going formula and averaged over several photo-
graphs such as those in Fig. 2, representing the
time dependence of the temperature change on the
crystal axis for total electrical pump energy 5 kJ
in the cases of three rubies containing different
chromium concentrations. The same figure shows
the integrated pumping power E vs. time, derived
from an oscillogram of lamp emission normalized
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to the electrical pump energy. This graph was
used to calculate the dependence of temperature at
the center of the ruby on the integrated pumping
power, which is shown in Fig. 3b to be of the ex-
pected approximately linear form. The slopes of
the straight lines are approximately proportional
to the chromium concentration. The nonlinear
region near the origin appears to result from er-
rors in counting the number of passing fringes
when they move so rapidly that the pattern is
smeared during the exposure of a single frame and
counting becomes difficult (for example, frame 3b
in Fig. 2). Nonlinearity could also result from
changes in the lamp spectrum during pumping.

The alteration of the interference pattern ob-
served visually immediately following a pump pulse
also indicated a further change of the ruby tem-
perature. Air at room temperature was blown
through the illuminator to cool the ruby. It was
found that the ruby remains heated 2—3 sec follow-
ing a lamp flash. The ruby then begins to cool and
its interference pattern returns gradually (within
3—4 min) to its original form, while the tempera-
ture of the ruby returns to that observed before
the flash. The maximum heating of the ruby was
determined from the number of fringes passing
during the cooling period, and was found to be ap-
proximately twice as great as during the pumping
period alone. The cause probably lies in the ab-
sorption of infrared radiation from parts of the
outer cylinder which are heated during a light flash.
The accompanying table presents data on the heat-
ing of the different crystals, as well as the thres-
holds and oscillation onset and termination times,
which were determined from the oscillograms of
oscillation with dielectric reflectors. Also shown
are the calculated temperature increases (as in[ﬂ)
at the onset of oscillation (or more accurately,
when the ground-state and excited-state populations
are equal).

The experimental and calculated data in the table
differ by a factor of 1.5—2, for reasons that re-
main unclear. Light may possibly be absorbed into
a metastable state,t™ or internal modes may be
excited, [%:%] resulting in a reduction of the radia-
tion energy efficiency and also in a reduction of the
excited-state lifetime. %]

The change of equal-width fringes in the inter-
ference patterns during pumping (Fig. 2) indicates
directly the change of resonator shape. The photo-
graphs show that the character of the resonator
also changes. While before pumping begins rubies
usually resemble a divergent lens (frames la and
2a), during pumping they resemble converging
lenses (frames le, f; 2¢,d, e; 3b,c). The inter-
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(0.75 msec)
Ruby 2 0,018 7.37 | 5.50 4 1.3 1.8 4.3 4.8 — — —
(0.75 msec)
Ruby 3 0.03 | 5.00 | 1,87 2.5 2.1 2.8 6.0 6.7 12.0 23,4 36.0
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ference patterns were used to measure the equiva-
lent focal lengths, which were found to be 1—4 m.

It was shown in[2] that the modes excited during
oscillation correspond to a resonator with inhomo-
geneities having effective focal lengths of this order
of magnitude. The photographs show that the re-
sulting resonator is asymmetric (astigmatic) and
varies with time. The corresponding effect on the
excited modes was observed inf?J.

Thus, in the interior of a ruby having a polished
lateral surface the optical inhomogeneities formed
during pumping correspond to a converging lens
which will promote oscillation. As already stated,
the apparent cause is the stronger heating of the
central region of the ruby due to the focusing of
pump light by the cylindrical lateral surface.t®
This effect can also have a strong influence on the
oscillation threshold, especially in crystals of poor
optical quality. The onset of oscillation may depend
not on the attainment of the population inversion,
but on the time when the resonator becomes spher-
ical, making it easy to excite oscillation. The dis-
crepancy shown in the table between the calculated
and experimental temperature increases corre-
sponding to the onset of oscillation may also depend
on this factor.

The mean optical length of the resonator changes
as well as its shape. The cause of this effect ap-
pears to lie in the altered mean emission frequency
during oscillation, which was observed in[10:11],

Calculations show that heat transport in a ruby
during pumping can be neglected. Therefore tem-
perature gradients of considerable magnitude
arise in the ruby, especially in the case of high
pump energy. The cross-sectional temperature
distribution averaged over the length of a rod can
be obtained approximately simply by subtracting
the original interference pattern from any given
later interference pattern; examples of the iso-
therms are shown in Fig. 4.

Following a 5-kJ pump pulse the temperature
differences between the interior and peripheral
regions of a crystal were 0.6° for ruby 1, 2.0° for

ruby 2, and 1.5° for ruby 3. The maximum observed
temperature gradients are ~ 1 deg/mm, which,
according to calculations, induce mechanical
strains of the order 1 kg/mm?,

Figure 4 shows that the character of the tem-
perature distribution varies between different
rubies. In the case of ruby 2 (Fig. 4, d and e) the
temperature inside the crystal is higher than at the
edges, as we have already explained. However, the
temperature distribution in rubies 1 and 3 is more
complex, since the least heated region is not the
surface but lies between the center and the edges.
The surface region is heated almost as highly as
the center. It appears that this surface heating can
only be accounted for by the generation of internal
modes which result from total internal reflection
on the polished lateral surface and occupy the sur-
face region.[8:%) Iactive light absorption, which
occurs ordinarily in all rubies, results in heating,
especially in the regions of greatest inactive ab-
sorption. The absence of internal modes in ruby 2
for 5-kJ pumping is probably accounted for by a
higher, than in rubies 1 and 3, oscillation thres-
hold of these modes, which depends on the quality
of treatment of the lateral surface. Indeed, for
higher pump energies (= 10 kJ) the interference
patterns of this ruby correspond to the heating of
the edges and center and resemble the patterns of
ruby 1 (for example, frames 1d and 1f of Fig. 2),
this indicating the generation of internal modes. It
must be noted that in these frames the interference
fringes are so closely spaced (up to 10 lines per
mm) that they are no longer equal-width fringes.
In addition, at such temperature gradients it is
necessary to consider mechanical strains and
deformations; therefore Eq. (1) can no longer be
used for a correct temperature calculation.

The energy absorbed by a ruby can be calculated
from the temperature increase distribution over
its cross section during a pumping cycle, its heat
capacity (3 J/cm®-deg), and its fluorescent energy
efficiency (25%). By comparing this result with the
useful light energy in a flash, which is 137 of the

f12]
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FIG. 4. Distribution of temperature in-
crease over ruby cross section, averaged
over the length of the ruby rod. The isotherm
separation is 0.2°C. a — ruby 1, 5 kJ, 3.5
msec; b — ruby 1, 10 kJ, 3.5msec; ¢ — ruby 1,
15 kJ, 3.5msec, with temperatures given rel-
ative to the least heated region; d — ruby 2,

5 kJ, 1.2msec; e — ruby 2, 5 kJ, 3.5msec;
f — ruby 3, 5 kJ, 3.5msec.

electrical energy, 3] we obtain the efficiency of
the illuminator. Out of 5 kJ electrical pump energy.
ruby 1 absorbed 53 J (8.2% efficiency), ruby 2 ab-
sorbed 83 J (13% efficiency), and ruby 3 absorbed
47 J (7.29 efficiency). The low efficiency of the
illuminator is explained by the fact that the heating
of the rubies (as can be seen from the table and
from Fig. 3) is proportional to the chromium con-
centration. Pump light is absorbed in rubies
mainly through direct illumination by the lamp,
without the participation of the entire illuminator.
The rubies make little use of light scattered by the
illuminator.
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