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The spectrum of the stimulated radiation from CaF2:Sm2+ is investigated experimentally. 
Distribution of the radiation with respect to axial oscillation modes is studied. A continuous 
replacing of transverse oscillation modes has been observed under steady state emission 
conditions. It is demonstrated that the absence of oscillations in the integrated radiation 
from CaF2:Sm 2+ is due to superposition of a large number of spikes over a certain period of 
time, the spikes being due to various transverse modes of oscillations. Information on the 
spatial distribution of various oscillation modes in the radiation has been obtained. 

1. INTRODUCTION 

AT present, to obtain stimulated emission in the 
optical region, resonators are used which as a rule 
have a large number of modes within the fluores
cence line of the active medium. The mechanisms 
for the production and inte.raction of the various 
types of modes in these resonators are very com
plicated. As a result many of the effects that have 
been observed in studies of the spectral and tem
poral properties of stimulated emission have not 
yet received even qualitative explanations. In par
ticular there are a number of unanswered questions 
concerning the ''spiked'' character of stimulated 
emission, which persists even under long-term 
continuous excitation of the active medium [ 1]. The 
study of stimulated emission in CaF2:Sm2+ is of 
interest in this connection, since this substance 
seems to be at present the only solid state active 
medium for which spiking is not observed in laser 
emission. For stimulated emission in CaF2:Sm2+, 

the short luminescence lifetime (1 - 2 x 
10-6 secC 2•3]) results in very short duration for 
the transient processes which frequently compli
cate the interpretation of the experimental data. 

A significant advantage of this active medium is 
its high optical uniformity, which makes possible 
simple classification of the modes observed in 
stimulated emission. 

The theory of resonators with plane ends (cf. 
for example, [ 4]) or ends which are approximately 
plane (C 5J) predicts, for the case of not too long a 
cavity length l, a grouping of the frequencies of the 
lowest order modes around the values mic/2KZ, 
where K is the index of refraction and mi is an 
integer (the axial index). In the present work we 

used rods 8 mm in diameter and 20 mm long, with 
ends parallel to 3" of arc and flat to 0.2 fringe; 
index of refraction variations were essentially ab
sent in the rods used. Rough estimates similar to 
those made in the paper of Leontovich and VedutaC6J 
indicate that under these conditions the spectral 
interval between modes with the same axial index 
should be approximately two orders of magnitude 
smaller than the interval between modes with 
different axial index. Preliminary investigation [7] 

using the above rods indicated that the spectrum 
of the stimulated emission consists in fact of a 
series of sharp, equally spaced bands, whose separ
ation is constant and equal to c/2Kl (.tl.A. = 0.0 88 A). 
Thus the observed bands may be identified with 
groups of modes having the same axial index 1>. 
This allows us to use the very simple model set 
forth in [ B, 9] in analyzing the experimental data. 

2. EXPERIMENTAL METHODS 

The optical set-up is shown in Fig. 1. The 
source of stimulated emission to be studied con
sisted of a sample of CaF2:Sm2+ with reflecting 
coatings on its ends; the rod was cooled by helium 
gas. 

The spectral analysis was made with a Fabry
Perot etalon having a mirror reflectivity not less 
than 99.5% at 0. 7 iJ.. This very high reflectivity and 
the extremely accurate preparation of the mirrors, 
in conjunction with the extremely high (in com
parison to classical spectrographic sources) 
brightness of the radiation being investigated, 

1>For an active medium made of very inhomogeneous 
material this classification may be more difficult (cf., 
e.g., [•]). 
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FIG. 1. Optical set-up: 1-Emission source, 2- slit, 
3 and 5 -lenses, 4- Fabry-Perot etalon, 6- mechanical 

camera. 

allows one to obtain very large spectral resolution 
for relatively short etalon lengths. In fact, for the 
case of very large reflectivities, the usual limita
tion on resolving power of the etalon is the error 
in the preparation of the mirrors. Because of the 
high brightness of the stimulated emission, it is 
possible to record the spectrum using very small 
angles of incidence and a very small entrance pupil 
at the input to the etalon; this significantly decrea
ses the effects of errors in preparing the mir
rors [to]. In the present work a beam with a 
3 x 6 mm cross-section was directed at the por
tion of the etalon with the smallest local errors; 
only a portion of the zeroth order was detected. 
Under these conditions the spectral resolving 
power was usually about 1/150-1/250 of the 
separation between neighboring orders; the re
solving power in the center of the zeroth order 
was 1/400 of the inter-order separation. Thus in 
Fig. 4a the largest angular radius of the etalon 
rings is 7. 8 x 10-3, corresponding to a spectral 
range of 0.215 A, whereas the separation between 
neighboring orders is 0.313 A. The average separ
ation between single spectral components in this 
picture is 2-3 x 10-3 A, the smallest is of the order 
of 1 x 10-3 A. 

In order to record the temporal development of 
the stimulated emission we used a mechanical 
camera with a film rotation rate of 0.08 mm/~isec. 
In this case, (Fig. 1), we used the lens 5 
(f = 800 mm) to project onto the film, in addition 
to the etalon rings, an image of the slit located in 
the focal plane of the lens 3 (f = 300 mm). In most 
of the experiments the slit width was 0.02 mm and 
the time resolution was 0.8 J.lSec. To observe the 
time integrated spectrum of the output the slit was 
omitted. 

3. SPECTRAL DISTRIBUTION OF THE LASER 
OUTPUT 

The distribution of the laser output intensity 
among the various spectral bands is of particular 
interest, since comparison of the actual distribu
tion with the results of theoretical estimates gives 
information on the nature of the broadening of the 
fluorescence line, on the spatial and spectral diffu-
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FIG. 2. Distribution of the stimulated emission inten
sity among the spectral bands as a function of tw I (c/2Kl). 
Temperature of the sample is: a -10°K, b- 40°K. The 
crosses are experimental data (the time integrated emission 
intensities from individual spectral bands, in arbitrary 
units), the circles are calculated values and the dotted 
lines give the fluorescence line shape. 

sion of excitation, etc. (cf. for example,C11 , 9J). In 
the present work we made measurements of spec
tral distribution for CaF 2: Sm 2+ by recording the 
time integrated stimulated emission spectrum, 
followed by photometric measurements on the 
plates. 

The base of the Fabry-Perot etalon in the pres
ent experiments \faS 1 mm, and the temperature of 
the sample was either 15 or 40°K. The pumping 
pulse was bell-shaped and was weak enough so that 
sample heating due to the pump radiation was es
sentially absent. The results of the measurements 
are shown in Fig. 2. The spectral width of the band 
over which the stimulated emission is distributed 
increases with increasing pump power above 
threshold, proportional to the pump .intensity n; 
the same is true with increasing temperature. 
For 15°K the width was 0.2-0.3 A, whereas for 
40°K it was 0.5-0. 7 A. Moreover, investigation of 
the line shape using the Fabry-Perot etalon showed 
a Lorentz line whose half-width ~A. L in the tem
perature range 10-77°K was proportional to T 2 

(cf. Fig. 3); it was 0.6 A for 15°K, and 4 A for 
40°K 21 • Thus even for comparatively large excess 

2>Measurements of the value of ~AL in the temperature 
range 20·77°K essentially coincide with the data of Kaiser 
et al. [•]; their results for measurements of ~AL at 4°K are 

somewhat too high. 
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FIG. 3. Dependence of the half-width of the fluorescence 
line on temperature: the crosses are experimental points, 
the straight line corresponds to a quadratic dependence of 
~AL on T. 

pumping excitation, the stimulated emission is 
concentrated in a narrow spectral band close to 
the peak of the fluorescence line. 

The above fact indicates that the fluorescence 
line is homogeneously broadened 3), since inhomo
geneous broadening coupled with any significant 
excess of pumping above threshold leads to a 
larger spectral width of the stimulated emis
sionC11J. The validity of this conclusion about the 
nature of the broadening of the active transition in 
CaF2:Sm2+ is supported by comparing the actual 
distribution of the stimulated emission intensity 
with the distribution obtained by calculations for the 
case of simple homogeneous line broadening. This 
calculation was made using the assumptions of 
Tang et al. C9J ; this method is extended to the case 
of pumping far above threshold (cf. the Appendix). 
The effect of the non-uniform distribution of pump 
intensity throughout the cross section of the rod, 
and the deviation of the pump pulse shape from 
rectangular were taken care of by the following 
approximation; the experimentally measured 
ratio of the maximum pump power to the threshold 
(nmax) is replaced in the calculations by an effec
tive value of excess above threshold, viz., 
(1/2)(1 + nmax>· Considering the crudeness of 
these estimates, the agreement between the ex
perimental data and the results of the calculation 
(cf. Fig. 2) may be considered satisfactory. The 
rather weak wings of the actual distribution at 
15°K obviously may be explained by a distribution 
of Q values for the modes of the real cavity. 

3)For a definition of this concept see["]. A possible 
mechanism for homogeneous broadening in CaF,:Sm'+ is de
scribed inL1']. 

4. THE FINE STRUCTURE OF THE SPECTRUM 

The spectral resolution necessary for observing 
single modes was achieved by increasing the length 
of the etalon, depending on the length of the laser 
rod being used, so that for the longer etalon the 
successive orders are equally spaced rings corre
sponding to the separate spectral bands, and so 
that in successive orders one records similar sys
tems of rings. Since one knows the spectral inter
vals between neighboring bands ( cf. [7]) and between 
the orders of the etalon, the interpretation of these 
spectrograms was not difficult. 

In Fig. 4a we show one such spectrogram. Con
sideration of this picture shows that each spectral 
band about 0.02 A wide contains several modes 
having constant separation. The duration of the 
contribution of a particular mode to the stimulated 
emission does not exceed 10 J.LSec. 

Decreasing the pump intensity causes a narrow
ing of spectral bands (usually their width is from 
0.02 to 0.005 A) accompanied by a decrease in the 
number of individual modes; the duration of each 
of the modes in these bands increases (Fig. 4b, c). 
This behavior was observed both in the most in
tense bands and in the bands farthest from the 
center of the fluorescence line. 

On the other hand, increasing the temperature 
of the sample for constant pump intensity gives 
rise to a decrease in the duration of the emission 
corresponding to individual modes (Fig. 4d); when 
the total stimulated emission output is recorded 
with a photomultiplier this change results in a con
tinuous change from the stationary regime to the 
spiking regime (cf. Fig. 5). Thus, in agreement 
with the conclusions of Kaiser et al. [ 3], the pres
ence of spikes in the output of CaF2:Sm2+ is diffi
cult to observe because of their overlapping in time 
rather than the insufficient time resolution in the 
detection system. 

The displacement of the spectral bands towards 
longer wavelengths which occurs at the end of the 
pump pulse is explained by the heating of the sam
ple. The magnitude of the displacement corresponds 
to the results of direct measurements of the sample 
deformation [t3J. 

To explain the influence of thermal effects on 
the succession of modes, a comparison was made 
of spectrograms obtained for various rates of sam
ple heating due to pump radiation. The remaining 
experimental conditions, in particular the stimula
ted emission power, were not changed (to ensure 
similar conditions use was made of the dependence 
of the magnitude of the Stokes losses on the spec
tral composition of the pumping radiation). Varia-
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tion of the thermal output by a factor of from 1.5 
to 3 caused no observable variations in the details 
of the succession of the various modes. 

During an individual spike the frequency of a 
given mode varied with the thermal expansion of 
the cavity (cf. Fig. 4); no mismatch between the 
emission frequencies and the frequencies of the 
cavity modes occurred. 

The succession of modes is also difficult to ex
plain on the basis of transient processes or the 
basis of non-uniform pumping, since the duration 
of the pumping pulse is extremely long in compari
son to the length of the transient processes in 
CaF2:Sm2+; moreover the shape of the pump pulse 
is very close to rectangular (the discharge curve 
was an artificial line made up of 16 sections). 



STIMULATED EMISSION IN CaF 2:sm2+ 521 

FIG. 5. Oscillogram of the total stimulated emission in
tensity; a-T = 25°K, b- T = 50°K, c- T = 60°K. 

Hence it is natural to propose that, contrary to 
widespread opinion (cf. [UJ), the successive replace
ment of the modes may reflect a self-excited os
cillatory behavior which is inherent in the stationary 
regime of laser action in CaF2:Sm2+. In the general 
case this replacement is probably caused by the 
formation of "holes" (using the terminology of 
BennetC11J) in the fluorescent line shape due to 
inhomogeneous broadening, and the resulting in
stantaneous decrease in the number of excited 
atoms in localized regions of the greatest intensity 
for a particular type of mode. 

A consequence of a decrease in the number of 
excited atoms in particular regions of the cavity is 
the preferential excitation in the following instants 
of time of well-defined modes which are localized 
primarily outside these regions. Thus spatial ef
fects may cause the regularity in the replacement 
and succession of the modes. Observation of this 
regularity (cf. Fig. 4e and alsoC11lJ) underlines the 
importance of spatial effects in the kinetics of laser 
action. 

In the case of CaF2:Sm2+, the spectral "holes" 
which can prevent the simultaneous existence of 
modes with closely spaced frequencies evidently 
do not appear; this is clearly related to the nature 
of the fluorescence line broadening. 

5. SPATIAL DISTRIBUTION OF THE EMISSION 

To study the spatial distribution of the radiation 
in single modes we projected onto the film, in addi
tion to the fringes from the etalon, an image of the 
end face of the sample or, alternatively, the far 

FIG. 6. The time-integrated emission spectrum: a - the 
image of the end face of the sample is superposed on the im
age of the etalon ring; b - the far field pattern of the emis
sion is superposed on the ring pattern of the etalon. 

field distribution of the radiation. In Fig. 6 we show 
photographs of the time-integrated emission spec
trum obtained for pump pulses so short (about 
5 J.LSec) that the total number of modes present is 
small and the temperature drift of the frequencies 
is negligibly small. A single ring in these photo
graphs corresponds to a single mode. It is not 
difficult to conclude that the emission of each mode 
occupies a considerable fraction of the end face of 
the sample and of the solid angle of laser action 
(otherwise we would not have observed complete 
rings but rather only a small illuminated arc). 
These same conclusions, which confirm the results 
of Leontovich, Veduta and Korobkin [t6,6], result 
from an analysis of time sweeps of the spectrum 
obtained under suitable conditions. In view of the 
considerable angular separation between the e~is
sion from various modes and the extremely large 
spectral interval between them 4> (about 0.002 A) 
one may conclude that, due to the imperfections in 
the sample, the modes observed in this work do not 
coincide with the modes of an ideal cavity. 

4>in our case for a sample diameter of 8 mm we find that, 
for the first nine modes of the ideal cylindrical cavity with 
plane parallel ends, the maximum separation in wavelength 
should be about 2.5 x 10-5 A [17]. 
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6. CONCLUSION 

The results of these investigations of the spec
tral and temporal character of the CaF2:Sm2+ emis
sion show that many of the actual properties of the 
stimulated emission are well understood within the 
framework of the well-known theoretical ideas. 
Thus the stimulated emission spectrum of a rod 
with plane parallel ends is divided into a series of 
bands corresponding to groups of modes with the 
same axial index. The distribution of the stimula
ted emission intensity among these bands is satis
factorily described by the relationships obtained 
by Tang et al. [ 9] Finally, small deviations in the 
shape of the cavity from the ideal lead to significant 
modifications of the modes (cf. alsoC6, 18] and 
others). An estimate similar to that given by 
Leontovich and Veduta [SJ leads to the conclusion 
that the average spectral interval between single 
modes corresponds satisfactorily to the errors in 
fabrication of the cavity. 

We do not yet have an explanation for the spiking 
behavior of laser action in CaF2:Sm2+ which is ob
served to accompany prolonged and essentially 
constant pumping. The mechanism which gives 
rise to the self-oscillatory behavior of the proces
ses which occur in the cavity requires explanation 
(put differently, there is need for an explanation of 
the cause of the non-stationary type of excitation 
observed under the above-described conditions). 

The authors express their deep thanks to A. A. 
Mak for suggesting this problem, for valuable ad
vice, and for discussion of the results. 

APPENDIX 

CALCULATION OF THE SPECTRAL DISTRIBU
TION OF THE OUTPUT INTENSITY 

For the stationary state in a four-level laser 
with the terminal state of the working transition 
empty, the conditions for stationarity for (2r + 1) 
spectral bands symmetrically arranged with res
pect to the fluorescence line center are, according 
to [ 9, 14 ], written in the form 

~lnAi """ r ngi(1- cos 2:rtmix)dx 
dt .) 

0 1+ ~ghAh(1-cos2:rtmhx) 

i = O); gi = g(A. i), g(A.) is the fluorescence line 
shape; g 0 = 1; and Ai is the total scattered energy 
of the modes belonging to the i-th band (including 
the power which leaves the cavity) in units of the 
fluorescence power at threshold. 

In all formulas the summation is over the index 
k from -r to +r. 

We expand the factor n[1 + ~ gk Ak(1 -
COS 21l'mkX) r 1 in a series; (this factor describes 
the population distribution of the excited atoms in 
units of the population at threshold), and we obtain 

1 1 ~ Ah' cos 2:rtmhx 
---+ )2 

1 + ~ Ah'(1- cos2:rtmhx) 1 + ~Ah' ( 1 +~An' 

(~A"' cos 2:rtmhx r 
+ 3 + ... , 

( 1 + ~ Ah') 

Limiting ourselves to the above terms in the 
expansion 5l we obtain after cumbersome but· 
straightforward calculations 

A/ = 2( 1 + ~ An' r 
r ~ Zh/gh 1 

X~ Zi- . 2 ~ l ~ 1/ gh + n/2 (1 + ~ Ah' ) } 

i = 0, ±1 ... ±r, 
where Zi = 1 - 1/gin. The value of ~ Ak_ is given 
in this case by the root of the equation 

(2) 

~Ah' ~ 1/gh-(1/n) ~ gh-2 

---==--r---::-2 + (2r + 1) . 2 

2( 1 + ~ Ah') ~ 1/gh + n/2( 1 + 1~ Ah') 

= 2r+ 1-!. ~·_!__, 
n gn 

The value of r is found by trial: for too large a 
value of r, several of the Ai turn out to be negative; 
if Zr + 1 > (1/n) ~ xk/gk then r must be increased. 

To obtain an exact solution of (1) one must put 
in (2) 

zi=1-~-c.2 [2(1+ L:Ah')]-• ~ Ah'Az'A~+Z+i 
g,n h, 1 

-1{=0, 
<0, 

i = 0, ±1, ... , ±r 
Iii> r (1) X ~ Ah'Az'Am'Ap'A~+Z+m+p+i- ... 

where n is the excess pump power above laser 
threshold; mi = m 0 + i is the number of wavelengths 
A. i• which are contained in twice the cavity length; 
i is the number of the spectral band (at the center 

l,l,m,p 

S)The relationship 

[ 1+ ~Ak'(1-oos2nmkxr 1 :::::: 1- ~Ak'(1-oos2nmkx) 
is used in[• ], 
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~vn I I c/2><1 n Solution A, I At A, I A, l A, A, I A, I A, 
I 

A, I A, I Att 

{exact 0.84 0.49 0 
6.8 

3 approx, 0.87 0.48 0 
{exact 3:4 2:6 0 

10 approx. 3.8 2.5 0 

exact 0.27 0.26 0.24 
45 3 approx. 0.29 0.28 0.25 

using the 0,130 0.129 0.126 
method orr] 

(for ikl > rAk = 0; cfn is a number of combina
tions of m things taken l at a time); in this way we 
obtain the solution of the equations by iteration. 

In the table we give the results of the calcula
tion for a Lorentz fluorescence line shape for the 
case in which the half-width of the fluorescence 
line is either 6. 8 or 45 times larger than the separ
ation between the neighboring bands; this corre
sponds to rods of CaF2:Sm2+ 20 mm in length at 
temperatures 15 and 40°K. As is clear from the 
numbers in the table, even for a ten-fold excess 
above threshold the approximation used is com
pletely applicable, whereas the formulas of Tang 
et al. are essentially unusable even for n = 3. 
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