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An effect of anomalous dispersion on the stimulated emission spectrum of CaF2:Dy2+ and 
CaF 2: u3+ crystals is observed, leading to a decrease in the separation between laser modes 
and making the separation unequal. Under certain conditions the measured wavelength differ
ence for two neighboring laser modes is 0.4 A.2/2Ln0• It is found that the luminescence line in 
the CaF2:Dy2+ crystal is inhomogeneously broadened. 

PoPULATION inversion in an active medium 
gives rise to negative anomalous dispersion; re
cently this effect has been observed directly in 
ruby[t]. The effect of negative dispersion on the 
laser spectrum was studied by Bennett[2J. It was 
shown that negative dispersion leads to a drawing 
together of the frequencies of the laser modes 
(frequency pulling). The relative magnitude of this 
effect is of the order of 0.1 %. Observation of this 
effect in crystals is made difficult by the relatively 
large fluorescence line widths which occur; an at
tempt to observe frequency pulling in a ruby crys
tal was made by McMurtry [3] • 

It is well known that for a Lorentz line shape the 
magnitude of the mode pulling (which is determined 
by the ratio of the wavelength difference between 
axial modes D.A. to the quantity D.A.d = A.2/2Ln0) can 
be obtained from the expressionC2J 

where y is the fluorescence line width, and Yd 
= A.2a/27rLn0 is the width of the cavity resonance 
determined by the single-pass losses (for fluorite 
n0 = 1.42). 

It follows from this expression that the pulling 
effect becomes larger the narrower the fluores
cence linewidth and the poorer the cavity Q. For a 
Gaussian line shape the dependence is qualitatively 
the same but the quantity D.A./ D.A.d depends also on 
the position of the mode with respect to the center 
of the fluorescence line; that is, the equal spacing 
of the modes may be perturbed. 

We have investigated the stimulated emission 
spectra of crystals of CaF2:Dy2+ operating both 
continuously and pulsed at 2.36 J.i. and also crystals 
of CaF2:u3+ operating pulsed as a three level laser 
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FIG. 1. Temperature dependence of the half-width of the 

fluorescence line in CaF2 :Dy2 + (a) and in CaF2 :U'+ (b, in this 
case the ordinate is y/10). 

(A.= 2.22 J.i.) [ 4]. The temperature of the crystals 
was varied between 30 and 100°K. The tempera
ture dependence of the fluorescence line width in 
CaF2:Dy2+ and CaF2:U3+ crystals is shown in Fig. 1. 
Spectroscopic studies established that in the tem
perature range used the line shape of the CaF2:U3+ 

line at 2.22 J.i. was approximately Lorentzian; in the 
case of CaF2:Dy2+ the fluorescence line shape is 
Gaussian, which is evidence of inhomogeneous 
broadening. 

A Fabry-Perot etalon and photoelectric detec
tion were used to study the spectra. The length of 
the etalon was varied between 10 and 30 mm. The 
mirrors used had multilayer dielectric coatings 
with a reflectivity of 98% at 2.36 J.i.. The spectrum 
was scanned by placing the etalon in a variable
pressure chamber. For continuous laser operation 
the pressure in the chamber was varied smoothly 
and the spectrum was obtained with a recording 
potentiometer. For pulsed laser operation the 
pressure was varied in steps and the spectrum 
was obtained point by point from oscilloscope pic-
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FIG. 2. Temperature dependence of the shift of the mode 
frequency (a and b) and of the fluorescence line (c) in 
CaF2 : Dy2t (the relative positions of the modes and the fluo
rescence line are arbitrary). 

tures of the spikes for various pressures. The 
reproducibility of the results in this case was 
within 5%. 

Special care was taken to ensure that the crys
tal temperature was constant during the experi
ment, since the temperature shift of the modes was 
very strong (cf. Fig. 2). A mode shift (of 0.1 A) 
during pulsed operation was observed to occur 
during the emission pulse (due to crystal heating), 
and this was taken into account in reducing the 
data. 

Examples of the stimulated emission spectrum 
are shown in Fig. 3. The width of all the modes 
observed is determined by the instrumental width 
of (1/3o)th of the etalon interorder separation t> 

Figure 2 gives an example of the curve of the 
temperature shift of a mode in CaF2:Dy2+; also 
shown is a curve of the temperature shift of the 
fluorescence line. 

The results obtained by averaging a series of 
measurements are shown in the table. The mode 
pulling is characterized in the table by the ratio 
D.A/ D.Ad, where D.A. is the measured difference in 
wavelength between neighboring axial modes. The 
variation of the quantity D.A. from measurement to 
measurement did not exceed ± 4%. 

The number of modes observed for CaF2:Dy2+ 

1>Measurements of the· mode width made by a photoelectric 
mixing technique for the case of cw stimulated emiss~on in 
CaF2 :Dy2+ gave a value of 1.8 x 105 cps (3.34 x 10-5 A), which 
is in good agreement with the measured relaxation time 
(namely 5 p.sec, ~~~M - 1). The total width of a group of modes 
having the same axial index (the width of an ~xial mode) was 
measured to be less than 2.7 x 10" cps (0.05 A). 
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FIG. 3. The stimulated emission spectrum: a - for 
pulsed operation; L = 40.5 mm, T = 97°K; b - pulsed 
operation with a confocal cavity; L = 36.5 mm, T = 94°K; 
c - continuous operation; L = 40.5 mm, T = 80°K 

varied from 1 to 3, depending on the temperature 
of the crystal, the amount by which threshold was 
exceeded, and the transmission of the cavity mir
rors. For sufficiently high temperatures the quan
tity SA. approaches the value D-Ad. As the tempera
ture is lowered, causing the fluorescence line to 
narrow, the quantity D.A decreases and in the case 
of CaF2:Dy2+ the equal spacing of the modes is not 
preserved. The relative magnitude of the pulling 
may be found from the above data and is very 
large; in a number of cases the quantity D.A./D.Ad is 
between 0.6 and 0.7, and is 0.4for CaF2:U3+. For 
c.w. operation the magnitude of D.A. and the number 
of observed axial modes depended strongly on the 
degree to which threshold was exceeded; for 
pulsed operation this dependence was not observed. 
This may be explained by the fact that in continuous 
operation an increase in the pump power leads to a 
distortion of the cavity (cf. for example [S]) and to 
a corresponding lowering of the Q. For pulsed 
operation the determination of the laser emission 
spectrum was carried out during the initial mo
ments of laser action, at which time the crystal 
temperature and geometry had not changed. 

It has been established that changing the diam
eter of the crystal from 3 to 5 mm does not effect 
the quantity D.A./ D.Ad. The pulling effect was found 
to be quite significant for a confocal cavity. The 
quantity D.A/ D.Ad was found to be extremely small 
in the case of CaF2:u3+ at low temperatures, des
pite the large fluorescence linewidth observed for 
this crystal. The data given in the table for the 
intensities of the various modes make it possible 
to assert that the stimulated emission spectrum in 
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a number of cases is very asymmetrically located 
with respect to the fluorescence line. 

The results we have obtained show that the ef
fect of anomalous dispersion on the stimulated 
emission spectrum or crystals (leading to mode 
pulling) may be quite significant. Moreover, when 
the fluorescence line shape is Gaussian the equal 
spacing between the modes is perturbed. The mag
nitude of the mode pulling (if one excludes thermal 
effects) does not depend on the pump power within 
the experimental accuracy. 

It should be pointed out that in a number of 
cases the total width of the laser emission spec
trum in CaF2:Dy2+ crystals is more than half the 
line width of the fluorescence, although for CaF2:U3+ 

crystals the ratio is somewhat smaller. This fact 
and also the Gaussian line shape indicate that the 
broadening mechanism for the fluorescence line in 
the crystal of CaF2:Dy2+ is inhomogeneous. 

A rough estimate of the magnitude of the mode 
pulling using the expressions given in this paper 
shows that the magnitude of t:,.A.j t:,.A.d observed for 
CaF2:Dy2+ should occur for a single pass loss which 
is 3-5 times greater than the observed losses as 
determined from the energy characteristics of the 
stimulated emission [ s] . An even larger discrepancy 
exists for CaF2:U3+. 
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In order to give a complete quantitative interpre
tation of the results obtained here it would obviously 
be necessary to take account of effects related to 
the field distribution in the cavity and a series of 
other effects considered in[7,9J, 
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