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An image converter was used to study the time-resolved spreading of the radiation field over
a mirror and also the development of the divergence, spectrum, and coherence of emission
from a fast Q-switched ruby laser. The streak-camera photographs show that the radiation
field originates at the center of the ruby cross section and spreads across the entire cross
section in 15-25 nsec. During this time the divergence increases up to 15—30’ and the fre-

quency increases by 0.017—0.023 cm™t,

The frequency increase appears to result from the

spreading of the radiation field. Space coherence, which was studied by means of Young’s
two-hole interference experiment, persists during the first 15—20 nsec, after which the
radiation phases at two points of the wave vary incoherently during 2.5—3 nsec.

THE field and frequency dynamics as well as ra-
diation field coherence have been well studied in
spontaneously operating ruby lasers, 1] but not
for the giant-pulse mode. It is very important to
know these properties both for purely scientific
purposes and for applications to nonlinear optics,
holography, etc.

In the present work we have studied the dynam-
ics of the field, frequency, and space coherence in
a giant pulse from a ruby laser. In (2] we pub-
lished pertinent preliminary data on the genera-
tion of a giant pulse in a laser operating with a
passive shutter containing a solution of crypto-
cyanine in ethanol. The same letter (2] reported
our experimental study of laser dynamics with
fast Q switching. A corresponding theoretical
discussion in [3] enables us to compare the ex-
periment with a theory.

The shutter used for Q switching was a 3-nsec
Pockels cell consisting of a potassium dihydrogen
phosphate crystal and a polarizer (a stack of glass
plates). The cell was placed between the ruby crys-
tal and a plane mirror with a 98% reflection coeffi-
cient for the 6943-A wave. The second plane mir-
ror, having a 30% reflection coefficient, was lo-
cated 79 cm from the first mirror. Ruby rods
12 cm long and 11.5 mm in diameter with rough-
ened sides were used. Pumping was performed
by means of an illuminator with two linear IFP
flash lamps.i)

Done of the ruby rods, the illuminator, and the mirrors had
been used previously for the work reported in [2].
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The energy of the giant pulse reached 1.5 J.
For the different crystals the total pulse duration
varied within the range 40—60 nsec; the duration
at half-power level was 16 —28 nsec. The pulse
shape was monitored by means of an FEK-14 co-
axial photocell and an S1-10 oscillograph. Streak-
camera photographs of the radiation field patterns,
spectra, and interference bands were obtained, as
in [2], by means of an image converter operating
in the slit-sweeping mode with 0.5-nsec resolution
in a total sweep of 100 nsec. (4] The image-con-
verter sweep was calibrated by means of recorded
beats between the axial modes of a spontaneous
laser with a semiconfocal resonator.

DYNAMICS OF THE RADIATION FIELD

When photographing both the near-field and far-
field patterns, the end surface of the crystal or the
field distribution in the focal plane of the objective
lens (of 70-cm focal length) was projected on the
slit of the image converter. Figure la shows a
streak photograph of the near-field pattern. Oscil-
lation begins here in the central region; the field
then spreads to the crystal edges within 15—25 nsec
in the course of a pulse whose total duration is
40—60 nsec. The most intense lasing regions are
shifted to the edge of the crystal face (Fig. 1a).

The field boundaries moved at speeds of 0.8
x 107—3 x 107 cm/sec in different photographs.
The speed was greatest, on the average, for the
ruby of poorest optical quality. Unlike the case of
a laser with a saturable filter, which is character-



DYNAMICS OF THE RADIATION FIELD, SPECTRUM, AND COHERENCE

70’

20 nsec

Z/) nsec

e

ized by prolongation up to 12 nsec of the initial
oscillating stage within a small central region
(the ““leader’’), 2] we could not detect such a
‘“leader’’ in the fast Q-switched laser for any
position of the image converter slit on the image
of the crystal end face.?) The spreading of the
near-field area was also investigated with one of
the resonator mirrors inclined at an angle of 5’.
The initial lasing spot was then observed to be
shifted 2.7 mm from the center toward the side
of the greater mirror separation, and the subse-
quent spreading of the field was asymmetrical.
The photographs show an irregular, granular,
structure of the field over the ruby cross section,
with individual spots varying in size from 0.1 to
1.0 mm, as was mentioned in 6], This effect
probably results from the small optical inhomo-
geneities in the form of striations that are usually
present in rubies. This interpretation is sup-
ported by the fact that the most finely granular
field structure was found for the ruby of poorest
quality.

Some streak photographs of the field (Fig. 1a)
revealed intensity fluctuations that probably re-
sulted from beats between modes of identical
transverse orders but different axial orders. The
beat frequency was equal to the frequency differ-
ence between adjacent axial modes multiplied by
¢/2L, where L is the optical length of the resonator.

Figure 1b is a typical photograph of the far-
field development (the directional distribution of

2)The lag of pulses from the edges of the ruby face behind
the pulse from the center, resulting from the spread of the
field, has also been observed photoelectrically.[*]
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FIG. 1. Streak photograph of radiation field pattern.
a — near-field (crystal end face), pulse energy 1.2 J;
b — far-field (directional distribution), pulse energy
1.2 ].

emission). This field is observed to expand, like
the near-field; divergence up to 20—34’ occurs
within 15—25 nsec. These values pertain to the
total divergence, whereas in the most intense por-
tion of the emission (at about half-maximum in-
tensity) the divergence is 8—16’ (Fig. 1b). The
rate of increase of the divergence (1 x 10°—3

x 10° rad/sec) was the same as for a laser with

a saturable filter. [2]

The following statements must be made regard-
ing a comparison of our results with the theoret-
ical treatment in (3], where the spread of the field
was calculated for the case of fast Q switching. The
theoretical calculations pertained to nearly plane-
parallel resonators. It was found that when the
active medium possesses inhomogeneities resem-
bling a diverging lens, oscillation begins at points
of maximum inversion; thereafter the lasing region
and the divergence increase during a time that is
comparable with the pulse duration. The authors
of [3] neglected to consider small striated optical
inhomogeneities that cause scattering which some-
what resembles the effect of a diverging lens; like
the latter, these inhomogeneities result in an elec-
trodynamical relationship between separate portions
of the resonator. Since the results of these theoret-
ical calculations do not depend very strongly on the
focal length of an inhomogeneity, it is possible to
compare our results at least qualitatively, if not
quantitatively, with the theory of Letokhov and
Suchkov in [3J,

The large inhomogeneities of our rubies resem-
bled negative lenses; however, the rubies were not
heated up enough through the absorption of pump-
ing light to convert the resonator from negative to
positive. We verified this fact earlier (7l by an in-
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FIG. 2. Development of a giant light pulse. P — power (in
relative units); a — near-field diameter (in the laser cross sec-
tion); b — total divergence of generation. The theoretical
values pertain to the case of a crystal resembling a diverging
lens, with AL/L = 6 x 107%, where L is the optical length of
the resonator and AL is the difference between the optical
lengths at the center and edge of the crystal. The superscripts
(1) and (2) denote the extreme values obtained in the photo-
graphs of field development. Py, was obtained by averaging
many oscillograms.

terference method under pumping conditions simi-
lar to those prevailing in the present work.

It was verified by the same means that a ruby
is heated most at its center. This means that
maximum population inversion occurs at the cen-
ter, where, therefore, oscillation begins and
spreads to other regions of the ruby. The hypothe-
sis that lasing occurs independently in the different
regions of a ruby conflicts with the space coherence
of emission during the first 15—20 nsec (to be dis-
cussed here subsequently).

Figure 2 shows the curves calculated in (3] for
the field diameter (the near-field) on the crystal
end face, for the divergence, and for the generated
power as functions of time; the extreme experimen-

tal values are also shown. We observe, for exam-
ple, that for the speed of near-field development
there is an average spread of 40% between experi-
ment and theory; this represents qualitative agree-
ment. In the case of inclined resonator mirrors
qualitative agreement is also observed. [3]

It should be noted that when the field density at
the lens focus is calculated it is important to take
into account the variation of divergence. When this
is done the average calculated density is increased
by a factor from 2 to 10. The fine granular struc-
ture of the field must also be taken into account in
calculating the maximum field density. (6]

If we neglect the existence of a ‘“leader,’’ which
occurs specifically in cases with a saturable filter,
the field development does not proceed differently
for the two methods of Q switching. Unfortunately,
no theory for the dynamics of a passive shutter was
developed in 3], Our results suggest that identical
physical factors are involved in the field dynamics
of both cases (except during the initial instants of
field development).

COHERENCE

To investigate space coherence we studied
Fraunhofer diffraction using a diaphragm with two
holes having 0.2—0.3-mm diameters, located di-
rectly behind the laser mirror (Young’s experi-
ment). In integral photographs of the diffraction
pattern the interference bands were indistinct and
greatly smeared. For streak-camera photography
the pattern was projected on the image converter
slit in such a way that the interference bands were
perpendicular to the slit. The photographs obtained
with different separations of the holes (0.3, 1.2, and
5 mm) in Young’s experimental scheme showed that

FIG. 3. Streak photograph of two-hole
interference pattern. a — 1.2-mm hole
separation, in resonator with 0.7-mm di-
ameter diaphragm, pulse energy 0.02 J;
¢ — 0.3-mm hole separation, without dia-
phragm, pulse enetgy 0.6 J.



DYNAMICS OF THE RADIATION FIELD, SPECTRUM, AND COHERENCE 13

the bands remain almost motionless during the first

15—20 nsec. Field coherence persists here in the
cross section of the laser; sometimes only breaks
in the bands are observed (Fig. 3c).

The persistence of space coherence in the cases
of the 1.2- and 5-mm hole separations, which ex-
ceed the diameters of individual spots in the near-
field spots (0.1—1 mm), indicates that oscillation
occurs independently at the different spots but at
identical frequencies. During the remaining time
of a pulse the photographs show jumps and shifts
of the bands; this means that coherence does not
persist during the entire duration of a pulse. A
change of 180° in the difference between the phases
of a wave at two measured points (corresponding
to a band shift equal to half the band separation)
takes place during a time of the order 3 nsec and
does not depend on the separation of the holes.
These phase changes are obviously associated with
a shift in the near-field structure; the characteris-

tic time constant of the change is of the same order.

When a diaphragm of 0.7-mm diameter was in-
serted into the resonator (which is about one-
fourth of the diameter of the first Fresnel zone)
and the hole separation in Young’s experiment was
0.3 mm, the emission coherence persisted during
an entire pulse (Fig. 3b). In the absence of the dia-
phragm but retention of the same hole separation
coherence did not persist (Fig. 3c). We can there-
fore conclude that only pure axial modes are gen-
erated in the presence of a diaphragm.

Our experiments have thus shown that the phase
relationship of two different field points varies
greatly during the entire period of a giant pulse.
However, the theory of Letokhov and Suchkov 3]
would permit only small phase differences (< 180°),
which could not be abrupt. Their theory is based
on the assumption of a resonator having good op-
tical homogeneity; this condition would lead to uni-
form depletion of the inverted population. In real
lasers this depletion evidently proceeds nonuni-
formly because of the small inhomogeneities of the
ruby. The resulting phase differences between any
two field points are equivalent to the destruction
of coherence,

OSCILLATION FREQUENCY

The radiation spectra were studied with Fabry-
Perot interferometers having 30- and 150-mm
plate separations. Complete photographs of the
interferometer rings for an 0.6-J pulse indicated
oscillation line widths that were ordinarily within
the range 0.015—0.019 cm ™!, With enhanced pump-

ing and 1.3-J pulse energy the line width was in-

20 nsec
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FIG. 4. Streak photograph of the emission spectrum, ob-
tained with 150-mm plate gap in the Fabry-Perot interferom-
eter. The internal fine structure of the lines resulted from the
spatial distribution of the emission, not from the structure of
the spectrum (lines in the different orders have different struc-
tures). a — without a diaphragm inside the resonator, pulse
energy 1.2 J; b — with a diaphragm of 0.7-mm diameter inside
the resonator, pulse energy 0.2 J.

creased to 0.024 cm™, The principal emission

line was then often accompanied by extra lines
that were ordinarily narrower.®

In the streaking procedure the Fabry-Perot
rings were projected on the slit with the latter at
the center of the rings; one such streak photograph
is shown in Fig. 4a. Here, as in the case of a laser
with a saturable filter, L2] the frequency is shifted
in the short-wave direction. This shift (0.017—
0.023 em~1) occurs during the first 15—20 nsec
(the time required for the build-up of the radiation
field). During the later portion of the oscillation
period the average frequency does not vary and the
oscillation line-width is 0.011—0.016 cm™!, This
is consistent with the width that should be induced
by the phase changes observed in experimental
studies of coherence and by changes of field in-
tensity that occur during a time of the order
3 nsec. The streak photographs showed that the
extra frequencies are generated during a time of
from 4 to 30 nsec (as in the case of the work done
with a saturable filter [2]7),

Two causes of the frequency increase that oc-
curs during a pulse are (1) reduced optical length

3We must emphasize that all our data pertain to a laser
that operated with a Pockels cell. When a Kerr cell is used
the spectrum consists of a broad line having a width up to
1cm™, representing stimulated Raman scattering from low-fre-
quency vibrations of nitrobenzene molecules.[*]
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of the resonator due to changes in the refractive
index, and (2) build-up of the radiation field.

The following mechanisms can theoretically
account for the change in the refractive index:

1. Heating that results from the absorption of
emitted light within the ruby itself. However, heat-
ing will increase the refractive index of the ruby, (2]
which will diminish rather than enhance the fre-
quency.

2. Heating of other elements inside the resonator
by emitted light. For example, in the case of a
laser with a passive shutter containing a solution
of cryptocyanine in ethanol such heating could re-
duce the refractive index of ethanol, which pos-
sesses a negative temperature coefficient. How-
ever, direct interferometric measurements of the
optical length of the resonator have shown[10] that
the optical length does not change.

3. Nonlinear increase of the ruby’s refractive
index in a strong radiation field; this should pro-
duce a shift in the red direction.

4, Change of the refractive index caused by a
reduction of the population inversion during oscil -
lation as a result of anomalous dispersion. This
effect occurs only when the laser does not oscil-
late at exactly the line center.t2] This hypothesis
cannot account for a higher frequency; instances
of reduced frequency would also be observed, be-
cause it is unlikely that the oscillation frequency
would always be shifted to the right of the line
center. Direct measurements comparing the os-
cillation frequency in a giant pulse with the mean
luminescence frequency, using a single Fabry-
Perot interferometer,? have shown that the oscil-
lation frequency is not shifted more than 0.3 cm
from the luminescence line center. In this case
the frequency shift resulting from change of the
refractive index brought about by anomalous dis-
persion (137 will not exceed 3 x 10~ em™.

To account for the frequency change we inves-
tigated the spectrum after inserting a diaphragm of
0.7 mm diameter into the resonator. Practically
no frequency increase was found in this case
(Fig. 4b); the shift was at most 0.005 cm ™ and the
line width was of the same order. This line width
is almost the limiting value determined by the
pulse duration of 15 nsec. On the other hand, pulse
energy measurements obtained with different dia-
phragms showed that the field density does not de-
pend on the size of the diaphragm in the resonator.
This indicates that the frequency shift observed in

“)The authors are indebted to V. N. Smorchkov for these
measurements.
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the absence of a diaphragm cannot be accounted
for, generally speaking, as a field-density effect.

It appears that the frequency change is induced
by the field build-up process and the accompanying
enhancement of radiation divergence. From the
expressions for the frequencies and divergence of
modes in flat or nearly flat spherical resonat-
ors 14151 ye easily derive an approximate formula
relating the frequency and divergence: Av/c
= @%/4)\, where Av/c is the frequency difference
between a mode exhibiting the divergence ¢ and
the fundamental mode among modes of identical
axial orders. This equation yields a frequency
shift of the order 0.025 cm~!, which agrees with
experiment.” A precise calculation of the fre-
quency shift could be based on the theory of Leto-
khov and Suchkov, who unfortunately did not use
it for that purpose. EX

The authors are grateful to M. D. Galanin for
his unfailing interest and to him, V. S, Letokhov,
and A. F. Suchkov for discussions.
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