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This Letter presents the results of an investiga-
tion on the occurrence and on the behavior of a
few laser modes of various order with equal fre-
quency spacing during tuning of the laser over
half a wavelength.

The laser line is the 28, -2p4 Ne transition
(Paschen notation) with a wavelength of 1.153
microns, with a Doppler width at half-maximum
intensity of 800 Mc/sec and with an estimated
natural linewidth of about 30 Mc/sec at the work-
ing pressure.

The measurements were carried out on a short
gas laser, described elsewhere, ' with a mirror
separation I.= 12 cm, giving a longitudinal mode
separation of 1250 Mc/sec. Thermal expansion
of the laser2 shows a periodic series of far-field
patterns, apparently corresponding to modes

whose l./A value is an increasing function, al-
though this increase is not necessarily monotonic.

However, such a simple tuning experiment does
not reveal the exact values of frequency and in-
tensity of these modes; each of the observed far-
field patterns is in fact a superposition of more
than one. Therefore it seemed of interest to us
to determine these frequencies. To this end an
optical method was used, not only giving exactly
the relative frequency values, but simultaneously
displaying the corresponding far-field patterns
(see Fig. 5 of de Lang and Bouwhuis~). Figure 1
shows schematically the arrangement. As an
optical analyzer a. one-meter confocal interferom-
eter is used, with a measured "finesse" of 150,
corresponding to an instrumental broadening of
0. 5 Mc/sec and a resolving power of 6 x108 at
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FIG. l. Experimental arrangement of the optical frequency analysis.
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1.15 microns. Apart from ease of adjustment,
such a confocal interferometer has the advantage
of a highly constant path length for off-axis rays. '
This results in an angular field of view which is
extremely large as compared to that of the ordi-
nary Fabry-Perot interferometer with flat mir-
rors, or nonconfocal arrangements with spherical
mirrors. ' This offers us the possibility to com-
bine the analyzing properties with imaging prop-
erties by simply imaging the far-field patterns
at the rear interferometer mirror. Rapid scan-
ning of the spectrum is easily achieved by thermal
expansion of the interferometer, with oscillo-
graphic recording of the transmitted radiation.

As the frequency determination of a Fabry-Perot
interferometer is not quite unambiguous, the re-
sults were checked by beat measurements. The
intensity distribution of the far-field patterns is
recorded simultaneously by a film camera via an
image converter. The evolution of the spectrum
thus recorded was studied as a function of laser
length (by slow, thermal expansion of the laser
body). The result is given in Fig. 2(a) which
shows simultaneously occurring far-field pat-
terns with their frequencies at various laser
lengths. The intensities of these various modes,
as derived from the peak height of the oscillo-
grams, are plotted in Fig. 2(b) as a function of
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FIG. 2. (a) Far-field patterns as transmitted through the scanning interferometer: from left to right as a func-
tion of laser length corresponding to (b); from bottom to top the consecutive transmittance of the scanning interfer-
ometer; every column corresponds to tuning over half a wavelength of the scanning interferometer. The quoted
values of the frequencies must be corrected due to the frequency shift of the laser line itself during the tuning time
of the interferometer over half a wavelength. This correction has been omitted, since we are only interested in
relative values, but beat measurements indicate a frequency difference of 12.5 Mc/sec. (b) Intensity of the vari-
ous modes as a function of laser length.
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laser length. The principal modes which occur
are the three modes of lowest angular order,
TEMPO, TEM, O, and TEM,O (see Fox and I.i' for
this notation), the intensities of which are de-
noted by Iv, Iv, and Iv, respectively.

%e notice that the increase and decrease of
I„andI is opposite. Moreover, in the center

Vi V2
of Fig. 2 both intensities reveal a dip caused by
hole-burning effect and the width of this dip in-
dicates a natural linewidth of about 30 Mc/sec.
Very remarkable is the transition of the dominant
mode intensity on the right-hand side of Fig. 2.
We suspect this is due to an asymmetry in the
Doppler profile owing to isotope effect. ' We in-
tend to check this point with the aid of pure iso-
topes. The frequency difference between modes
v, and v, is smaller than the natural linewidth of
the Ne transition. Thus the intensity of both
modes arises from the same part of the velocity
distribution of the atoms. Besides this the two
modes show a spatial overlap as can be seen
from Fig. 2(a). These two properties account
for the competition between Iv and Iv during
tuning of the gas laser over half a wavelength.

In Fig. 2(a) one observes the expected modes
TEMQQ TE~j p and TEM2p Curious ly, however,
between v, and v, there occurs a signal with a
frequency equal to 2v, —v, and with an intensity
indicated by I2v v in Fig. 2(b). The intensity
distribution of the far-field pattern of this sec-
ondary beam looks like a combination of the
modes v, and v, . Further, we observe in the
lower part of Fig. 2(a) a mode pattern with a
similar intensity distribution but with a frequency
equal to 2v, - v» its intensity is indicated as

The occurrence of these two secondary modes
might be explained in any one of the following

three ways:
(1) The patterns are obtained by rapid pulsa-

tions between the two principal modes at fre-
quencies v, and v, . Two modes having a fre-
quency spacing smaller than the natural linew'idth
may cause an amplitude modulation with a fre-
quency equal to the difference frequency of the
two "fundamentals. " However, the sequence in
frequency of the observed patterns is not in ac-
cordance with what one would expect in this case;
see Fig. 3.

(2) Both patterns reflect complicated higher
order modes, which occur independently of the
existence of the fundamental modes. In this
case the almost exactly equal frequency spacings
(accuracy 20 kc/sec; this value has been obtained
by beat measurements) between 2v, —v„v„v„
and 2v, —v, appear difficult to explain.

(3) The secondary signals are combination tones
of the type predicted by Lamb. ' A combination
tone can arise because of the nonlinear properties
of the medium (third-order polarization of the
atoms). The surprisingly large intensity of the
combination tones could presumably be due to
the amplifying properties of this medium at these
frequencies together with the resonant character
of the combination tone in the laser. The fact
that one of the "fundamental" modes apparently
disappears, and the combination tone does not,
is indeed remarkable. However, some remanent
intensity may still be present, and the competi-
tion between the combination tone and its nearest
"fundamental" neighbor in frequency might now
produce the large intensity difference. This
would mean that the behavior of such a combina-
tion tone is not determined by the third-order
polarization only, but to a large extent by the
properties of the multiresonant system.

Frequ ency 2V 2 V~-k,'

"Fundamental" modes

"Fundament al" modes with
side —bands

Observed consecutive modes

FEG. 3. Plot (schematic) of consecutive modes when pulsations of the fundamentals play a role. Below, the
observed sequence of the modes.
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We ourselves prefer this third explanation.
However, more evidence of a quantitative nature
is needed to support this suggestion.

We greatly appreciate the stimulating discus-
sions with Dr. H. de Lang and Professor H. G.
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One of the most striking characteristics of
maser-stimulated Raman scattering is the spe-
cific directional emission of the Stokes and anti-
Stokes radiation. '&' Here, we report on experi-
mental studies of this angular dependence in cal-
cite. %'e have observed four orders of anti-
Stokes emission in well-defined cones, diffuse
first-order Stokes emission with cones of absorp-
tion in this diffuse radiation, and a well-defined
cone of second-order Stokes emission, all in the
forward direction. Since the refractive index of
calcite is precisely known, ' it has been possible
to predict accurately these maxima and minima
of anti-Stokes and Stokes radiation on the basis
of the following wave vector relations:

k +k =k +k,n-1 -1 n'

8 P + (P 2+g )1/2 (2)

where

P =k, 8 /(k +k ),

=2(k 1/k )(k +k —k —k )/(k +k ),

y =(k -k )P 8 /k

lations (1) and (1') for three-dimensional interac-
tions, and should give rise to absorption of first-
order Stokes radiation and to emission of anti-
Stokes and higher order Stokes radiation in cones
around the maser beam. The theoretical values
for the angles of the nth-order anti-Stokes emis-
sion from (1) are given by

k +k =k +k-1 n-1 -n

where k0, k 1, k„,and k „are,respectively, the
maser, the first Stokes, and the nth-order anti-
Stokes and Stokes waves vectors. From these
observations it is concluded that in our experi-
ments on the stimulated Raman scattering in cal-
cite, the dominant process is that proposed by
Garmire, Pandarese, and Townes. '

According to their theory, diffuse first-order
Stokes radiation (of frequency ~0-&u~) is initially
produced by the very intense maser light (&uo),

and subsequently anti-Stokes and Stokes radiation
of many orders (&uo+n&u„) is produced by the in-
teraction of the maser light with the first-order
Stokes radiation. These higher order Raman
effects proceed according to the wave vector re-

The corresponding angles of first-order Stokes
absorption are

8 =(k 8 -k 8)/k(n)

Equations (2) and (3) also give the angles of the
nth-order Stokes emission and corresponding
first-order Stokes absorption when k» is replaced
by k-n and k0 by -k0.

In our experiments, a calcite crystal 5 to 10
cm long was placed in the path of the focused ex-
ternal beam from a giant pulse ruby maser (with
rotating prism). The maser output power was in
excess of 10 megawatts in a 30-nsec pulse. The
crystal was oriented so that the maser beam,
which was linearly polarized, traveled through
the crystal as the ordinary ray. In this orienta-
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