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The properties of a four-level optical generator are studied theoretically and experimentally. 
The conditions for transition from four-level to three-level generation are found for the case 
of CaF2 : U3+. 

Tms paper presents an analysis of the effect of 
the parameters of the resonator, the working sub
stance, and the pump intensity on the properties of 
an optical quantum generator (laser ) , on the basis 
of the steady-state theory of a four-levellaser. [l, 2] 

Experiments on CaF2 : u3+ and CaF2 : 8m2+ laser 
systems are reported. 

In order to determine the density of generated 
radiation u32 (transition between levels 3 and 2) 
and the threshold density of the pump radiation 
( u14 )n = un, corresponding to the initiation of gen
eration (u32 = 0 ), the following system of equations 
can be established for the steady-state population 
of the levels: 

N 1 + N 2 + N 3 + N 4 = N O• 

u14B14 (Nl-N4) -N4 (d43 + A41 + A42) = 0, 

u32B23 (N2 -N3) + d43N 4 -N3 (A 31 + A 32) = 0, 

d12N1 -d21N2 + Ua2B2a (Na -N2) + Aa2Na + A42N4 = 0, 

k = N 3 -N2 = c~V23 [in (1/R) +crl/2hnv23B23 l, (1) 

where N1, N2, N3, and N4 are the populations of the 
levels, N0 is the total concentration of particles, 
A41 , A42, A32, A31t B23 , and B14 are the Einstein co
efficients for the corresponding transitions, d43, 

d21t and d12 are probabilities for radiation-less 
transitions, .0.v32 is the luminescence line width, 
R is the reflection coefficient of one of the reso
nator mirrors (the reflection coefficient of the 
second mirror is taken equal to 1 ) , u = 2u 0l is the 
loss in the crystal (losses in the dielectric mir
rors can be neglected), l is the length of the 
crystal. 

Upon satisfying the inequalities 

we obtain the following solution to the system (1): 

T]lB,. N 0 - k ( ) 
Ua2 = 3;; -k- U14- Un , 

A,. Noexp(-hvr2/kTl+k 
Un = T]B14 No- k ' 

where 

TJ1 = d4a/(d43 + A,2 + A41), 

is the quantum yield of the luminescence. 
From the expressions for the radiation densi

ties we can transform to expressions for laser 
power P 32 and pump power P 14: 

Pa2 = 2~ ~~Va2 ~ Ua2 ds 
s 

c " T]1B14 No- k (\' d (' d ) 
= zn ~LlV32 8;;;- -k- .\ Uu S - j Un S , 

s s 

where s is the cross-section area of the crystal 
and {3 = 1 - R is the transparency of the mirror. 

The expression (5) is obtained under the as
sumption that the crystal is optically dense. 

From Eqs. (2) and (5): 

(2) 

(3) 

(4) 

(5) 

Pa2 = 1Jl Va2 ~ (Pl4 - Pn)l(ln R1 + cr), (6) v,. 
p ~ ~r N ex (- hv12) + cLlva2 (In R-1 +a) J 

n l]No L o p kT 2hnv3.B.a/ _ · (7) 

It is not difficult to see that P 32 attains its max
imum value for some value of the transmission co
efficient of the mirror {30. Expressions for {3 0 and 
the value P 32 = P 0 corresponding to it are particu
larly lucid in the case when we can take ln ( 1/R) 
~ 1 - R = {3 ( R .<: 0. 7) and can neglect the first 
term in brackets in Eq. (7) (the case of sufficiently 
low temperature). As will be seen below, the ex
perimental conditions correspond well to these 
assumptions. Then we obtain: 

~o = cr (V~ ~ 1), (8) 
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FIG. 1. Dependence of threshold intensity on crys· 
tal temperature: l-CaF2:Sm 2+, 2-CaF2:U3+; points
experimental data, crosses- calculated data. 
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where n0 = P14 /(Pn),B=o is the excess over thresh
old for {3 = 0; ( Pn ){3=o is the threshold pump power 
for {3 = 0. 

It follows from (8) that the optimum value for 
tr-ansmission depends on the loss in the crystal 
and on the pump power. 1> 

In order to check these relations, we investi
gated the dependence of threshold power and gen
erated power in CaF2 : u3+ and CaF2 : Sm2+ lasers 
on the crystal temperature and the reflection co
efficient of the resonator mirror, as well as the 
dependence of the generated power on the pumping 
power. 

The experiments were carried out on crystals 
in the shape of cylinders whose end surfaces were 
covered with a dielectric reflecting layer. Excita
tion was effected by tubular flash lamps. The tem
perature of the crystals was varied between the 
limits 8-300°K. Temperatures below 80°K were 
obtained by cooling the crystals in a stream of 
gaseous helium obtained by vaporization of the 
liquid phase. The pass band of the measuring 
system permitted the recording of the instanta
neous intensity of generation averaged over the 
individual flashes. 

1>Expressions analogous to (8) and (9) can be obtained for 
the three-level scheme, but in this case n0 depends in a more 
complicated way on the excess over threshold. 

T, 'K 

The threshold pump intensity was determined 
by measuring the pump intensity at the moment 
the generation disappeared. 

Figure 1 shows the dependence of the threshold 
intensity on crystal temperature. In the case of 
CaF2 : Sm2+ there is an extremely strong depend
ence of the threshold power Pn on temperature. 
It was found that in some crystals an intermittent 
change of generated wavelength from 0.708 to 0.73J.L 
occurs at about 75°K. For CaF2 : u3+ the tempera
ture dependence of Pn is decidedly weaker. At 
about 253°K there also occurs an intermittent 
change in wavelength from 2.49 to 2.43J.L. 2> 

It is possible to compute the temperature de
pendence of Pn for CaF2 : Sm2+ from Eq. (7). The 
data used in this calculation are: l = 3.3 em, n 
= 1.42, {3 + u = 0.3, A32 = 0.5 x 105 sec- 1, hv12 

= 265 cm-1, and N0 ~ 1.6 x 1018 cm- 3 (measured 
from the 6900 A absorption line in the sample). 
The temperature dependence of the quantum yield 
T) and the halfwidth of the line .6.v32 were taken 
from Kaiser et al. [3] As can be seen from Fig. 1, 
the correspondence between experimental and theo
retical results is completely satisfactory. 

The change in generated wavelength in CaF 2 : u3+ 

is not difficult to explain if one considers that the 
probability of a transition at wavelength 2.43J.L, as 
is established from the luminescence data, is 
greater than the probability of a transition at wave-

2>rn some samples simultaneous generation at two wave
lengths- 2.49 and 2.61 fJ.- is observed at 77° K. 
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length 2.49J.l, and the populations of the correspond
ing levels equalize at high temperature (Fig. 2). 

Similar considerations can be used to explain 
the change in wavelength in CaF2 : Sm2+ (see 
Fig. 2 ). 

Figure 3 shows the dependence of generated in
tensity on pump intensity. This can be seen to be 
a linear dependence, in accordance with Eq. (6). 

The dependence of the generated intensity P32 

and the threshold pump intensity Pn on the trans
mission coefficient {3 of the mirror is given in 
Fig. 4. It is seen that P32 attains a maximum 
value at {3 ~ 0.17-0.25. Considering that the ex
cess over threshold in the experiment was about 
6.7 in regime 2 and about 10 in regime 1, we find 
from Eq. (8) u to be 0.09 and 0.11, respectively. 
For CaF2 : 8m2+, u ~ 0.15-0.2 (l = 33 rom). It 
was established that at high transmission ({3 :::: 0.4) 
CaF2 : u3+ emits at 2.22JJ, which corresponds to the 
three-level scheme (Fig. 2). To get emission at 
A.31 it is necessary to satisfy the condition 

Na- N1 = c~v13 (in-~ + a)j2hnv13B13l. 

Using the solution to the system of equations (1) 
for the populations of the levels N 3 - N 1 = 2k - N 0, 

the following relation can be obtained determining 
the value of the reflection coefficient for which 
three-level generation can be expected: 

R. < exp {a [ 1 - ~o /2- ~1.1.varAa2·)-1J} ' (10) 
o \ v32.1. 'lle2Am 

where k0 is the value of k for {3 = 0. 

FIG. 2. Energy level schemes for CaF2:Sm2+ (a) and 
CaF2:U3+ (b); the numbers on the arrows refer to wavelengths 
in angstroms. 

FIG. 3. Dependence of 
generated intensity on pump 
intensity (CaF2 :U3f, T = 78° K). 

10 f'.Jz 

0 

2.(} 

"'· 
FIG. 4. Dependence of 

generated intensity P 32 and 
threshold intensity Pn on 
the transmission coefficient 
of the mirror (CaF2 :U3+, 

~; 
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T = 78° K). Curves 1 and 2 
are for P 32 (1-voltage on 
pumping lamp, 1000 V; 2-
700 V), and 3 for Pn. 
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Using the values obtained on the basis of lumi
nescence and laser studies in CaF2 : u3+ (N0 ~ 4.9 
x 1017 cm- 3, ko ~ 3.6 x 1016 cm3, A32Av31 /AuAv32 

= 0.067, u ~ 0.1, Av32 = 1.3 x 1012 sec-1, l = 2.5 
em), we find from Eq. (10) that R < 0.48. Agree
ment with experiment is seen to be completely 
satisfactory. 

Thus the results of experiments show that the 
elementary theory of steady-state generation de
veloped above satisfactorily describes the princi
pal features of a four-level laser. 
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