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Temporal and spectral characteristics
of a tunable LiF: F, colour-centre crystal laser

T T Basiev, P G Zverev, A G Papashvili, V V Fedorov

Abstract. A theoretical and experimental investigation was
made of the temporal and spectral characteristics of a tun-
able LiF crystal laser with F, colour centres. The temporal
profiles of the output pulses overlapped considerably the
pump laser pulses because of a large amplification cross
section. A study was made of the influence of a change in
the pump laser wavelength on the spectral and oscillation
characteristics of the LiF: F, laser.

1. Introduction

Tunable lasers based on LiF crystals containing F, colour
centres (CCs) are efficient and reliable sources of tunable near-
IR (1.08-1.29 um) radiation [1, 2]. These CCs have large
(~7 x 107'7 cm?) absorption and luminescence cross sections
[3] with the band half-width in excess of 140 nm and a small
Stokes shift (~1500 cm™'). Consequently, at room temper-
ature these bands overlap strongly in the region of the zero-
phonon line (1.04 um). One of the advantages of LiF: F,
lasers is that they can be excited by neodymium lasers
whose emission wavelength lies in the region of the overlap
of the absorption and luminescence bands of the F, CCs.

We used kinetic equations in a theoretical investigation
and also studied experimentally the temporal and spectral
characteristics of an LiF: F, laser. Broadening of the spec-
tral range and a strong rise of the lasing efficiency as a
result of pumping with short-wavelength radiation were pre-
dicted theoretically and confirmed experimentally. A
comparison was made of the oscillation characteristics of
the LiF: F, laser pumped by Q-switched lasers emitting at
various wavelengths: 1.064 pm (Nd*": YAG); 1.079 pm
(Nd** : YAIO,); 1.047 pm (Nd** : YLIiF,).

2. Oscillation kinetics of the LiF: F; laser

We shall consider kinetics of the buildup of oscillations in a
Q-switched LiF: F, laser. We shall adopt a point model in
which the population inversion and the output and pump
radiation intensities in the active element are described by
quantities averaged over the cavity length and over a trans-
verse coordinate [4]. Excitation of the F, CCs by pump
radiation can be described by the following model [1]. The
pump radiation absorbed in a wide spectral band transfers

T T Basiev, P G Zverev, A G Papashvili, V V Fedorov Institute of General
Physics, Russian Academy of Sciences, ul. Vavilova 38, 117942 Moscow

Received 18 February 1997
Kvantovaya Elektronika 24 (7) 591 595 (1997)
Translated by A Tybulewicz

CCs from the ground electronic state (/) to an excited
state (2). A strong electron—phonon interaction then indu-
ces rapid relaxation between vibrational sublevels in a time
interval of 107'2-107'* s and this is followed by radiative
relaxation from the upper electronic state (2 — 1) as a result
of stimulated and spontaneous emission processes. The
room-temperature lifetime 7, of the F, CCs in the excited
state is 55 ns. Since the nonradiative relaxation time is con-
siderably shorter than all the other characteristic time
constants, the distribution between the vibrational levels in
each of the electronic states can be regarded as steady.

It follows that the system can be described fully by the rate
equations for the CC concentration in the ground (N;) and
excited (V,) electronic states. Since the total concentration
of the active CCs remains constant, i.e. N; + N, = N, the las-
ing rate equations can be written as follows:
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where g,(v,) and g,(v.) are the absorption cross sections at
the frequencies of the pump v, and lasing (output) v, frequen-
cies; a51(vp) and g, (vy) are the corresponding luminescence
cross sections; I, and [ are the power densities (intensities) of
the pump and output radiations (photons cm~2 s~!) averaged
over the cavity; 7, is the excited-state lifetime; f.,, is the
cavity round-trip time; / is the length of the active element;
fact =In(1/R) are the distributed active losses; R is the
reflection coefficient of the output mirror; B, = 2lkpags
are the passive losses in the cavity, governed primarily by
parasitic (passive) absorption (kp,s) in the crystal.

Since the excited-state lifetime is considerably longer than
the duration (10 — 30 ns) of the pulses from a Q-switched pump
laser, spontaneous decay of the excited state can be ignored.
The solution of the system of equations (1), (2), valid for
pulsed nanosecond pumping, can be represented in the form
of three successive temporal stages of oscillation buildup. In
the first stage the large absorption cross section results in
bleaching of the active element at the pump laser wavelength;
in the second, the growth of oscillations is exponential; and in
the third, this growth is quasi-steady. We shall now consider
in greater detail kinetics of the growth of oscillations and the
time delay between the output and pump pulses, which is an
important characteristic of the operation of a CC laser in a
variety of applications and is governed by the total duration
of the first two oscillation-growth stages [5].
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Rapid bleaching of the operational channel of the active
element by the pump radiation occurs during the first stage.
During this stage there is as yet no growth of oscillations
and the intensity 7; in Eqn (1) can be ignored. The solution
then gives the maximum saturated CC concentration in
the excited state:

sat sat NO']z(Vp)

N3 (vp) = & (vp)N T3] + 120)
where fsat(vp) = 012(vp)/[021(vp) + 012(v,)] is the specific
concentration of the excited CCs, reached on saturation.
The parameters o13(v,), 021(vp), and &*', calculated in
accordance with Refs [2, 6] for the F,-CCs in an LiF crystal,
are listed in Table 1 for several typical emission wavelengths
of pump lasers. We can see that when pumping is provided by
an Nd**:YAP laser (%, = 1.079 pm), the fraction &% of
the excited CCs is only 16% of the total CC concentration,
but it rises to 26% if pumping is by an Nd**: YAG laser
(/p = 1.064 ym) and to 43% for an Nd**: YLiF, laser
(4p = 1.047 pm).

It follows that simple replacement of an Nd** : YAP pump
laser with an Nd*":YLiF, laser, which shifts Zp by just
32 nm, increases by a factor of 2.7 the saturated con-
centration of the CCs in the excited state. A further shift
of 4, in the direction of shorter wavelengths towards the max-
imum absorption band (4, = 1.029 and 0.97 um) increases
the effective concentration of the excited CCs to 62% and
97%, respectively. The pump laser wavelength thus plays
an important role in increasing the efficiency of lasers with
wide electronic—vibrational absorption and luminescence
bands characterised by a moderate Stokes shift.

Additional irradiation of LiF: F, crystals does not result
in unlimited increase in the concentration of the active
centres, because when the maximum saturated 7, CC con-
centration is reached, further irradiation simply increases
the parasitic losses at the output wavelength as a result of
formation of colloidal CCs.

The duration #; of the first stage can be estimated from the
energy and the time at which the number of the pump pho-
tons exceeds the number of the excited CCs in the
operating region of the active element under saturation con-
ditions. For a pump pulse of constant intensity 7, this time is
1y = N3"1/I,.Growth of oscillations during the second stage
occurs at the maximum constant amplification, from the
spontaneous noise level ;¥ to an intensity /; at which the
probability of stimulated radiative transitions under the
action of the generated radiation becomes comparable with
the probability of excitation of the CCs by the pump radia-
tion. At this stage the output intensity can be found from
Eqn (2) on the assumption that N, is constant and equal
to N5

I (ve, vp) = LPIRK(vi, vp) exp(—20f )] >

3)
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where ,/1.,, is the effective number of round trips through
the cavity;

K(vy, vp) = exp{[o21(vp) + a12 (v )] N2 (vp)] — 012 (vL) NI }
®)
is the unsaturated gain in the active medium at the output
wavelength for a given vy It follows from expression (3) for
N5™ that
K(vp, vp) = exple® (v, vp) NI,
eff

(©)

wherea® (v, vp) = [021(vL)012(Vp) =0 12(vp)o21 (vp)]/ [021 (vp)+
o12(vp)] is the effective lasing cross section governing the
small-signal gain at v; when the crystal is bleached by pump-
ing at vy,

The spectral dependence of ¢ (v, vp,) on the lasing
wavelength is plotted in Fig. 1 for various pump wavelengths.
A shift of 4, to shorter wavelengths increases strongly o
and the gain of the active medium, which makes it possible
to broaden the lasing range of LiF:F, . At 4, <980 nm
the value of ¢ (v, vp) is extremely high, equal to a,;(vy)
and independent of v,. It follows from expressions (3) - (6)
that the oscillation-growth time during the second stage is
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Figure 1. Spectral dependences of the effective amplification cross sec-
tion of an LiF crystal containing F, colour centres excited by InGaAs
(980 nm, 1), Yb’':YAG (1.029 pm, 2), N&**:YLiF, (1.047 um, 3),
Nd* : YAG (1.064 pm, 4), and Nd** : YAP (1.079 pum, 5) pump lasers.
The horizontal dashed line represents the cavity losses assumed in the
calculations.

It is evident from the above formula that this time is
directly proportional to the optical length of the cavity.
An increase in the reflection coefficient of the output mirror

Table 1. Absorption and luminescence cross sections, specific concentration of excited F, colour centres reached on saturation, and effective gain
cross section at the maximum of ¢5,, of an LiF crystal pumped by lasers emitting at various wavelengths [1, 2, 6].

Pump laser 2/pm 1076 1(v,) /em? 1076/5(v,)/em’ & (vy) = N2 /N 101701;fgx(vp)/cm2
Diode 0.95-0.98 7.4 ~0.2 ~0.97 7.2
Ybt: YAG 1.029 39 2.4 0.62 4.6
Nd**: YLiF, 1.047 2.7 3.6 0.43 3.1
Nd**: YAG 1.064 1.7 4.8 0.26 1.9
Nd** : YAP 1.079 1.1 5.8 0.16 1.1
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increases feedback in the cavity and consequently reduces the
oscillation-growth time, whereas an increase in the passive
losses has the opposite effect.

During the third stage the oscillation process becomes
quasi-steady. Its efficiency is #n = (vp/vp)[Bact/(Bact +
21Bu)(1 — Ty,), where the first factor represents the Stokes
shift between the pump and output wavelengths, the second is
equal to the ratio of the output power to all the power emitted
at the lasing wavelength, and the third is the ratio of the
absorbed power at the pump wavelength to the pump power
incident on the active element, i.e. it determines the pump
absorption efficiency [7, §].

This description of the quasi-steady stage ignores the
influence of the difference between the spontaneous relaxa-
tion and superradiance losses on the lasing efficiency. The
transmission 7T}, of the active element at the pump wavelength
can be found from the steady-state condition. The gain at the
lasing wavelength in one round trip through the cavity should
then be equal to the losses, ie. RKZexp(—2pl) = 1. The
steady-state condition and Eqn (2) can then be used to
find the average steady-state inversion in a longitudinally
pumped active element and, by substituting it in the above
expression for #, to find the lasing efficiency during the
quasi-steady stage:

_n Bact
Vp ﬁact =+ 2lﬁpass

a12(vp) + 021 (vp)
a(ve) + 02 ()

n {l —exp [—2Nl<712(vp)

[ﬁact + ﬁpass + ZNZUIZ(VL)]1| } . (8)

It is evident from the above expression that there are opti-
mal active losses corresponding to the maximum lasing
efficiency and that they depend on the passive losses and
on the pump absorption coefficient. Fig. 2 shows the calcu-
lated tuning curves of an LiF:F, laser during the quasi-
steady stage, plotted for various reflection coefficients of
the output coupler when pumping was provided by an
Nd*" : YAG laser. The numerical values of the parameters
of the active element used in the calculations were those
found in real experiments (described in the following section).
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Figure 2. Calculated tuning curves of the lasing efficiency # of a tuna-
ble LiF: F,~ laser pumped with Nd** : YAG laser radiation (1.064 pum),
plotted for output-coupler reflection coefficients 10% (1), 20% (2),
50% (3), 70% (4), and 90% (5).

It follows from Fig. 2 that there is an optimal range (10%—
50%) of the reflection coefficient R of the output mirror
and the higher this coefficient, the wider the tuning range.
When this coefficient rises above 50%, there is a considerable
fall of the efficiency at the maximum and some broadening of
the tuning range.

Fig. 3 gives the theoretical tuning curves of an LiF: F,
laser with R = 20% excited by different pump lasers. We
can see that pumping at a shorter wavelength broadens sig-
nificantly the spectral range of lasing and increases the
efficiency. The use of an Nd** : YLiF, pump laser is optimal,
but it is possible that even shorter pump wavelengths would
broaden further the lasing spectrum, particularly in the direc-
tion of shorter wavelengths.
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Figure 3. Calculated tuning curves of the lasing efficiency 5 of an
LiF: F, laser with an output coupler with R = 20%, pumped with
Nd* : YLiF, (1.047 pm, 1), Nd*" : YAG (1.064 pm, 2), and Nd>* : YAP
(1.079 pm, 3) lasers.

3. Results and discussion

The temporal and oscillation characteristics of an LiF: F,
laser were investigated in a selective cavity of the MALSAN-
203 laser [9], formed by a plane mirror and a diffraction
grating, the latter operating in the autocollimation regime.
In the lasing wavelength range (1.08-1.29 um) a dichroic
input mirror had the reflection coefficient close to 100% and
the transmission at the pump wavelength was 90%. The
efficiency of diffraction by the grating (1200 lines mm™")
in the autocollimation regime was about 20% and the zeroth
diffraction order was used to couple out radiation from the
cavity. The active element was an LiF: F;, crystal, 8§ cm long
and cut at the Brewster angle. The absorption coefficient of
the F;» CCs was 0.51 cm ™' at the wavelength 1.064 um. The
parasitic (passive) losses kp,s, at the luminescence band max-
imum were 0.024 cm™'. The total concentration of the F,
CCs, estimated from N = K(v,)/a12(v,), was 3 x 10! cm~3.
The pump sources were Q-switched Nd**:YAG and
Nd*": YLiF, crystal lasers with an output energy up to
40 mJ per pulse of 20 ns duration. The output pulses were
detected with an LFD-2A photodiode and a Tektronix
TDS 350 oscilloscope. The temporal resolution of the system
was about 1 ns at the leading edge.

Fig. 4a shows typical pump (curve /) and output (2—-4)
pulses of our tunable LiF:F, laser pumped with the
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Figure 4. Oscillograms of the pump (/) and output (2—4) pulses of
our tunable LiF: F, laser at wavelengths 1.15 pm (2), 1.19 pm (3), and
1.1 um (4) (a), and intensities of the output pulses normalised to the
pump pulse intensity (b). The vertical dashed line identifies the moment
of bleaching of the active element.
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Figure 5. Theoretical (curve) and experimental (points) dependences of
the oscillation growth time ¢, of our LiF: F, laser during the second
stage on the output (lasing) wavelength. The open circles represent the
experimentally determined time delay between the maxima of the out-
put and pump pulses.

Nd**: YAG laser (W, = 27 mJ). The pump radiation excited
the F, CCsin a region of the active element with a transverse
cross section S = 0.1 cm?®. The pump energy needed to bleach
the operating channel of the active element was estimated to
be 1.2 mJ. For a pump pulse shown in this figure, the first
stage of oscillation growth ended when the pump intensity
ratio was about 20% of its maximum, corresponding to about
5% of the total energy per pulse. This moment is identified by
a dashed line in Fig. 4a.

Fig. 4b shows the temporal growth of output pulses
normalised to the pump pulse intensity. The second (exponen-
tial) and third (quasi-steady) stages can be seen clearly.
The differences between the gain at various output wave-
lengths altered slightly the slope of the curves in Fig. 4b
and consequently resulted in different oscillation delays.
The experimental results on lasing kinetics were thus in qual-
itative agreement with the model based on three independent
oscillation stages.

The dependence of the time delay (¢,) of the second stage
on the lasing wavelength is plotted in Fig. 5. The duration of
this stage was measured from the moment of complete
bleaching of the operating channel (dashed line in Fig. 4a)
to the moment when the output intensity reached 10% of
its maximum. These moments are identified by asterisks in
Fig. 4a. The continuous curve in Fig. 5 is the result of calcu-
lations based on formula (7) with the parameters R = 20%
and IL/IL<0 = 10", for the cavity round-trip time 1.6 ns.
The shortest delay, amounting to 4 ns at the centre of the tun-
ing range, exceeded 12 ns at its ends (for wavelengths shorter
than 1.1 pm and longer than 1.21 pm). However, it should be
pointed out that the important time for efficient nonlinear
mixing of various laser frequencies was not f,, but the time
overlap of the maxima of the output and pump pulses. The
experimentally determined delay between these maxima
(open circles) was 2-8 ns in the spectral range 1.1-
1.21 pm, which was less than the duration of the pump pulses,
and this delay corresponded to a good temporal overlap of
these pulses with tunable output pulses.

We investigated the dependence of the oscillation delay
time on the pump energy provided by an Nd*" : YLiF, laser
characterised by a higher gain (as pointed out above). The
pump laser energy was 34 mJ and was reduced by neutral fil-
ters. Fig. 6 gives the dependences of the delay of the output
pulses at 0.1 of the maximum intensity (black dots on a con-
tinuous curve) and at the maximum (open circles, dashed
curve), and also of the lasing efficiency at 1.14 um on the

1/ns 17 (%)
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0 5 10 15 W,/mJ

Figure 6. Pump-energy dependences of the efficiency of our tunable
LiF: F; laser at the 1.14 pm wavelength pumped with an Nd** : YLiF,
laser (triangles), and also of the time delay ¢ of the output relative to the
pump pulses at 0.1 of the maximum (black dots) and at the maximum
(open circles).

pump energy. The experimental curves consisted of two
main parts: the first corresponding to low pump energies
(close to the lasing threshold) and the second corresponding
to a considerable excess above the threshold. In the first part
an increase in the pump energy reduced strongly the oscilla-
tion delay from 22 to 10 ns and increased the lasing efficiency
to 20%; the active element was then bleached only at the end
of a pump pulse. In the second part of these curves the lasing
efficiency reached saturation. A small reduction in the oscil-
lation delay time (at 0.1 level) was due to a reduction in the
bleaching time of the active medium with increase in the
pump energy. The delay between the maxima of the output
and pump pulses at pump energies in excess of 4 mJ was prac-
tically constant and amounted to about 2 ns.

As shown in Fig. 1, shortening the pump wavelength
increased the effective amplification cross section in the
long-wavelength wing of the absorption band. The dashed
line in Fig. 1 is the cross section at which the gain of the active
medium became equal to the cavity losses. The replacement of
Nd** : YAG with Nd** : YLiF, as the pump laser should not
only increase the efficiency of the LiF: F, laser, but also
widen the tuning range [10]. Fig. 7 shows the tuning curves
of the LiF:F, laser excited by these pump sources. In
both cases the energies of the pump pulses and their dura-
tions were the same and amounted to 30 mJ and 20 ns,
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Figure 7. Experimental tuning curves of our LiF: F, laser in the opti-
cal system of the MALSAN-203 laser, pumped with N&**:YAG (1)
and Nd** : YLIF, (2) lasers.

respectively. The use of the Nd*" : YLiF, laser increased the
oscillation efficiency from 20% to 39% and broadened
the emission spectrum from 1.09-1.27 pm to 1.065-
1.29 pum. The efficiency of the LiF: F, laser was measured
in the MALSAN-203 commercial laser head; the observed
improvement in the parameters was in good agreement
with the above analysis and indicated that a further increase
in the efficiency and also broadening of the emission spec-
trum should result from pumping with shorter
wavelengths, for example with an Yb*':YAG laser
(4p =1.029 pm) or an InGaAs semiconductor laser
(Zp = 0.98 um).

4. Conclusions

A theoretical analysis was made of the kinetics of growth and
of the efficiency of oscillation of an LiF : F, laser pumped by
neodymium lasers emitting at various wavelengths. The
results of these experiments showed that, because of the
large amplification cross section, the output pulses of the
tunable LiF: F, laser were delayed by just 28 ns relative
to the pump pulses, which was considerably less than the
usual pump pulse duration. This ensured a good overlap of
the output and pump pulses and efficient mixing of the out-
put and pump frequencies resulting in broadening of the
spectral tuning range of the LiF:F, laser in the visible
and IR ranges.

An analysis of the spectral dependences showed that
one of the ways of increasing the efficiency of the tunable
MALSAN-203 LiF: F, laser and widening its spectral range
was the use of pump sources emitting at shorter wavelengths.
For example, an Nd*':YLiF, crystal laser emitting at
1.047 um increased the efficiency of the LiF: F, laser in a
dispersive system to 40% and broadened the tuning range
to 1.07-1.29 pm. The results indicated a possible improve-
ment in a number of parameters of the LiF: F, laser by
the use of an Yb’':YAG laser (4p = 1.029 pm) or an
InGaAs semiconductor laser (4, =0.98 pm) as the pump
sources.
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BpeMeHHbIe U clieKTpaJibHbIe XapAKTEePUCTHKH NlepecTpauBaeMoro
Jasepa Ha kpucraiie LiF ¢ F; -nenrpamMu okpacku

T.T.bacues, I1.I'.3BepeB, A.I'.IlanamBusm, B.B.®exopos

Teopemuuecku u IKCHePUMEHIMAALHO UCCACO08AHBL BPEMEHHBIC U CHEKMPAAbHbIE XAPAKMEPUCINUKU NePecmpausaemo2o 1azepa
Ha kpucmaane LiF ¢ F; -yenmpamu okpacku. Y cmanogaeno, umo 6cae0cmeue 60161020 ceueHUus yCuleHus UMnYabCbl 2eHepa-
Yuu X0pouwo nepeKkpul8aromca 80 8peMeHu ¢ UMNYAbCamu aazepa Hakauku. Mccaedogano gausnue usmeHeHus OAuHbl 80.1Hbl
Aazepa HAKAYKU HA CNeKmpaibiible U 2enepayuonivle xapakmepucmuky LiF:F;y -aazepa.

Karoueguie cao6a: gvixoonvie xapakmepucmuku, meepoomeabuslii aazep, yenmpol okpacku F, .

Beeaenne

IMepecTpanBaemsble J1a3epbl HA OCHOBE KpuctayuioB LiF ¢
F; -nentpamn okpacku (LO) sBasroTcst 3GQeKTHBHBIM U
HaJIeKHBIM HCTOYHUKOM II€PECTPAMBAEMOrO HU3JIYUYCHHS B
ommxaeM MK mmamazone (1.08—1.29 mxwm) [1,2]. Ot O
AMEIOT OOJIbILIOE CEeYeHUE MOIJIOLIEHUS U JIFOMUHECIIEHIINU
(~7-10"17 cM?) [3] ¢ mosmymmpuHOii mooc cBbie 140 HM u
HEGONBIINM CTOKCOBBIM caBuroM (~ 1500 cm~1). B pesynn-
TaTe MPU KOMHATHON TEMIIEPATYPE ITU MOJIOCHI CHIIBHO Tie-
pekpbiBaroTcst B obsiactu Oechononnoit mmaun (1.04 Mrm).
Opuum n3 gocrouHcTB LiF:F, -nmaszepa siBasieTcs BOZMOXK-
HOCTb HCIIOJIB30BATh JJIsI €70 BO30YXKICHUSI HEOIUMOBBIE J1a-
3ephl, JJIMHA BOJIHBI T€HEpAIMM KOTOPBIX MOMaIaeT B 00-
JIACTh MEPEKPBITHSI TIOJIOC MOTJIOMICHHSI W JIFOMUHECIICHITHN
F;-110.

B HacTosmiei paboTe TeOpeTHYECKH B pAMKaxX KUHETHYeC-
KUX YPaBHEHUH U 3KCHEPUMEHTAIbHO UCCIIEOBAHbl BPEMEH-
HBIE M CHEKTpaJibHble XapakTepucTuku LiF:F, -nmasepa. Teo-
PETHYECKH MPEICKA3aHbl I SKCIIEPUMEHTAIbHO OOHAPYKEHBI
pacimpeHue CeKTpaIbHOro AUamna3oHa U pe3kuit poct a¢-
(DEeKTUBHOCTH TEHEpalUK MPH HAKAYKe KOPOTKOBOJHOBBIM
uznyyeHueM. IIpoBeieHO CpaBHEHME TeHEPALIMOHHBIX XapaK-
tepuctuk LiF:F, -ma3zepa npu Bo30yXIeHUN Jla3epaMu, pa-
0OTaIOIIMMH B PEXXUME MOAYJISIIIAU TOOPOTHOCTH C PA3JIN-
HBIMM JJIMHAMU BOJIH rerepanun, — Y AG:Nd3 *-(1.064 Mmxm),
YAIO3:Nd3*-(1.079 mxMm) n YLiF4:Nd3 " -nazepamu (1.047
MKM).

1. imnamuka renepamun LiF:F, -na3zepa

PaccMoTpum muHAMuKy passutust reHepammu LiF:F; -
Jlazepa, pabOTAIOLIEr0 B PEXXUME MOAYJISIIUU JOOPOTHOCTH.
Bocrnonb3yeMcst TOU€YHOI MOJEIIbIO, B pAMKax KOTOPOU UH-
BEpCUsl HACEJIEHHOCTH U MHTEHCHUBHOCTD M3JIyUYeHUsI TeHepa-
UM 1 HAKAQYKH B AKTHBHOM 3JIEMEHTE OMHCHIBAIOTCS BEJIH-
YMHAMH, YCPEIHEHHBIMU IO JJIMHE pe30HAaTOpa M IoIeped-
Holt koopauHaTte [4]. Bo3byxnenue F, -L1O mon aeiictBuem
U3JIyYEeHUs] HAaKAYK1 MOKHO OIMCATh UCXOMS U3 CJIeAyroLIei

Wucruryt obueit puszuxku PAH, 117942 Mocksa, yi. BaBusiosa, 38
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mopeinu [1]. M3nyueHne HaKauku, MOTJIOIAEMOE B IIIMPOKOU
CHEKTPaJIbHOHM moJjioce, BbI3bIBaeT nepexon IO u3 ocHOB-
HOTO 3JIEKTPOHHOTO COCTOSIHUSI / B BO30YXIEHHOE COCTOSI-
Hue 2. 3aTeM BCJIEJICTBUE CHJILHOTO 3JIEKTPOH-(OHOHHOTO
B3aUMOJICCTBUSI UMEET MECTO OBICTpasi pejlaKcaIus Mo Ko-
JieGaTeLHLIM HOAyPOBHAM 3a BpeMs 10~ 12—10-13 ¢ u nanee
— U3JIyYaTeJbHas PesIaKcallusl C BEPXHEro 3JIEKTPOHHOTO CO-
crostus (2 — 1), mpoucxosiasi BCJIeICTBHE KAK BbIHYK/ICH-
HOTO HCIYCKaHMS, TAK M CIOHTAHHBIX MPOIECCOB. Bpems
xu3HH F, -11O B BO30yXICHHOM COCTOSIHUH T IIPU KOMHAT-
HOHU Temmepatype coctasisier 55 He. [Tockosbky Bpemst Oe-
3bI3JIyYaTEILHON peslaKCAllUK 3HAYUTEILHO MEHBIIIE BCEX OC-
TaJIbHBIX XapaKTepHBIX BPEMEH, TO paclpeesieHue Io KoJje-
0aTebHBIM MOAYPOBHSIM B KaXXIOM JJIEKTPOHHOM COCTO-
SIHIY MOHO CUYUTATh CTAIIIOHAPHBIM.

Takum 0Opa3om, cUCTeMa MOJTHOCTHIO OMUCHIBAETCs Oa-
JIAHCHBIMHU ypaBHEHUSIMU 11T KoHIeHTpanuu 1O B ocHOB-
HOM (N} ) 1 BO30YX1eHHOM (/N> ) 3JIEKTPOHHBIX COCTOSIHUSIX.
C y4eToM TOro, 4TO MOJIHASI KOHIEHTpanus akTuBHBIX 1O
OCTaeTcs HeM3MEHHOM, T.e. N + N, = N, GaJlaHCHBbIE ypaB-
HEeHHS TS JTa3€PHON TeHePAIIMT MOXKHO 3aIUCATD B CIIEIYIO-
IeM BHJIE:

% = —{[o21(vg) + 012(ve) |1z + [021 (vp) + a12(vp)] ],
+T£1}N2 + [o21 (vp)Ip + 612(Vg)1g]N, (1)
ol, »

2, = lavle{2iN2[o21(ve) + 012 (ve)]

_ZZNO-IZ(Vg) - ﬂact - ﬁpas}v (2)

rae 612(Vp) M 012(Vg) — CEYEHHS TOTJIOIICHNS] HA YaCTOTaxX
M3JTyYeHNs HAKauKd Vv, ¥ TEHEPAIUH Vg; 021 (Vp) U 021(Vg) —
COOTBETCTBYIOLME CCUEHUS JIFOMUHecHeHumu; I, u Iy — yc-
pEIHEHHBbIE MO PE30HATOPY MJIOTHOCTU MOIIHOCTH HM3JIyue-
HUI HAKAYKHA U T€HEPALU C Pa3MEPHOCTBIO (POTOH/CM>-C; T2
— BpeMsl )KU3HU BO30YXKICHHOTO COCTOSIHUS; fcay — BPEMSI 00-
XO0Ja U3JIyYeHHUs MO pe3oHaTopy; /| — JUIMHA AKTHBHOTO
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aneMeHTa; fact = In(1/R) — pacnpenesieHHbIE aKTUBHBIE T10-
Tepu; R — k03(p(QUIIMEHT OTpaXKeHUsI BBIXOJHOIO 3epKaia;
Ppas = 2lkpas — TACCHBHBIE TTIOTEPH B PE30HATOPE, KOTOPHIE B
OCHOBHOM OIIPEJICJISIFOTCSL Mapa3uTHBIM IMOTJIOIIEHUEM B
KPHCTAIIIE Kpas.

ITockosbKy BpeMsl >XKH3HH BO30YXIEHHOTO COCTOSIHUS
3HAYUTEJbHO OO0JIbIIIE XapaKTePHON NITUTEIBHOCTH UMITYJIb-
COB Jlazepa HAKauyky, pabOTAIOIIEro B PEXHME MOJIYJIHPO-
BaHHOH nmo6potHOCTH (10—30 HC), TO CIIOHTAHHBIM pacra-
JIOM BO30YXKJIEHHOTO COCTOSIHHSI MOKHO MpeHeOpeub. Pere-
Hue cucteMbl ypaBHeHuid (1), (2) mpu MUMIYJIbCHOM HaHO-
CEKYH/IHOM BO30YXICHUU MOXKET ObITh IPEACTABJICHO B BUIE
TpeX NOCJeI0BATEIbHBIX BPEMEHHBIX 9TAIIOB PA3BUTHS T'€HE-
panyu. Ha nepBoM 3Tare BeiieACTBIE OOJIBIIIOTO CEUEHHMS T10-
TJIOILIEHUSI IPOUCXONT MPOCBETIICHAE AKTUBHOTO JJIEMEHTA
Ha JTMHE BOJTHBI JIa3epa HAKaYKd, Ha BTOPOM UET IKCIIOHECH-
UaJIbHOE PAa3BUTUE T€HEPALUH, TPETUIN 3TAIl COOTBETCTBYET
KBa3HCTALIMOHAPHOMY PEXUMY pPa3BUTHUs TeHepanuu. Pac-
CMOTpHUM 0oJiee MOAPOOHO TUHAMUKY PA3BUTHS T€HEPAIIUH,
a TaKXe BpEMEHHYIO 3aJIePIKKy MeXTy UMITYJIbCaMH TeHepa-
UM M HAKAYKU, KOTOPAsl SIBJISIETCS BAXKHOW XapaKTEPUCTH-
Koil paboThl jazepa Ha 1O s pa3auuHbIX NPUIIOKEHUN U
ONpeAesIIeTCS CyMMAapHOH [JIMTENLHOCTBIO TEPBBIX JIBYX
3TAIOB Pa3BUTHS TeHepanuu [5].

B Teuenue nmepBoro 3rama mpouCcXOauT OBICTPOE MPOCBET-
JieHne pabouero kaHajla aKTHBHOTO 3JIEMEHTa TOJ JEHCT-
BHEM U3JTy4YeHNs Hakaukd. [1pn 3TOM reHeparusi emie He ycre-
BAeT Pa3BUTHLCS U UHTEHCUBHOCTBIO Iy B ypaBHeHHU (1) MOX-
HO npeHebpeub. B 3ToM ciydae perieHne 1aeT MakCUMaJlb-
HYIO HACBIIIEHHYIO KoHIeHTpanuto L{O B BO30yXIEeHHOM cO-
CTOSTHAH

NG]z(vp)

sat __ gsat =
N (vp) = & (vp)N = 021 (vp) + 012(vp)

(©)

rae E(vp) = a12(vp)/[021(vp) + 012(vp)] — yAenBHAS KOH-
neHTpanus Bo30yxaeHHbIx 1O, qocturaemast mpu HaChIIIe-
Hun. [Tapametpsl 012 (vp), 021(vp) 1 £t BRIYKCIICHHBIE B CO-
oTBeTcTBUH C [2, 6] nuist F5, -L1O B xpucranne LiF nuas Hexo-
TOPBIX XapaKTEPHBIX JUIMH BOJIH U3JIyYCHUs JA3€POB HAKAY-
KH, TIpe/ICTaBJIeHBI B Tabmne. BunHo, 4TO B ciiydyae HaKauYKu
YAP:Nd?* -nazepom (4, = 1.079 MKM) 10151 BO3OYK IEHHBIX
11O &' MoseT coCTaBJIATh UMb 16 % 06IIelt KOHIEHTpa-
mur 11O, mist Hakaukn YAG:Nd3*-nmasepom (4, = 1.064
MKM) OHa Bo3pacrtaeT 10 26 %, a mus YLiF4Nd3?*-nasepa
(4p = 1.047 Mxm) — 10 43 %.

Taxum o6paszom, mpocras 3ameHa YAP:Nd3'-masepa
Hakauku nazepoM Ha YLiF4Nd? ', npusomsmas k casury
/p BCETO HA 32 HM, yBEJIMUMBACT HACBIIICHHYIO KOHIICHTPA-

CeveHust MOTJIOLIEHUSI U JIFOMHUHECUCHINHA, YACIbHASA KOHIICHTPAIU BO3-

OyxaeHnbIx F, -1O, nocturaemast npy HachllleHNH, 1 3GhexTuBHOE Ce-

ef

YCHHUC YCUJICHUSI B MAKCUMYME 0, B KpUCTAJLJIC LiF npu Bo36y>{<]1em/m

Jla3epaMu HaKa4yKH C Pa3HbIMU JJIMHAMM BOJIH reHepaiuu [1, 2, 6].

Jlazep a12 (vp) 621 (vp) &) o ()
A (MKM) ] , ) 1
HaKa41Ku (1077 cm?) (1077em?) =No/N (10717 em?)

Juon 0.95-0.98 7.4 ~0.2 ~0.97 7.2
YAG:Yb3" 1.029 3.9 2.4 0.62 4.6
YLiF4Nd3 ™ 1.047 2.7 3.6 0.43 3.1
YAGNd3*  1.064 1.7 4.8 0.26 1.9
YAP:Nd3+ 1.079 1.1 5.8 0.16 1.1

muro 1O B BO3Oyk1eHHOM cocTosiHUM B 2.7 pa3a. JlanbHeii-
LIMHA CABUT Ap B KOPOTKOBOJHOBYIO 00JIACTh K MAaKCHMYyMYy
moJtockl moromerus (A4, = 1.029 u 0.97 MmxM) yBennumBaeT
3hPEKTUBHYIO KOHIIEHTpaImio Bo30yxaeHHbIX LIO 10 62 u
97 % cooTBeTCTBeHHO. Takum oOpa3om, BUAHO, YTO JJIUHA
BOJIHBI JIa3epa HAKAYKU UI'PAET BaXKHYIO POJIb B TOBBILLIEHUU
3((HEeKTUBHOCTH TeHEpALUU Ja3epOB C IIMPOKUMHU 3JIEKT-
POHHO-KOJIEOATEILHBIMU TIOJIOCAMU TOTJIOIICHUS U JIFOMHU-
HECUEHIIUH TPH YMEPEHHOM CTOKCOBOM CJIBUTE.

Heo0xomMoO OTMETUTD, YTO JOTOJHUTEIbHOE 00Iyde-
Hue kpuctasioB LiF ¢ F; -11O He BeieT k HeOrpaHUYEHHOMY
MOBBIILICHUIO KOHIEHTPAIMM HMX aKTUBHBIX IIEHTPOB, MO-
CKOJIbKY IIOCJI€ IOCTUXKEHUSI MAKCHUMaJIbHOM HACBIIEHHOU
koHueHTpanuu F, -I1O nanpHelmee oOiydeHHE BBI3BIBACT
TOJILKO POCT MApa3HTHBIX MMOTEPh HA JJIMHE BOJIHBI TeHEpa-
uH 3a cueT oOpazoBanus kosutouaHbIx L[O.

JIITeIbHOCTh IEPBOTO JTAllA TeHEPALUH {1 MOXHO OlLie-
HUTB 110 9HEPTUU U BPEMEHH, KOT1a YICI0 (POTOHOB HAKAYKU
MPEBBICUT YUCII0 BO30YkAeHHBIX L[O B paboueii obiactu ak-
THBHOTO 9JIEMEHTA ITPH HACKIIIEHHH. 1151 IMITyJIhca HAKAYKA
C HOCTOSIHHO} HHTEHCUBHOCTBIO I BpeMms 11 = N5*//I,. Ha
BTOPOM 3Tare NPOUCXOIUT Pa3BUTUE TeHEPALIMH IPU MAKCH-
MaJIbHOM IOCTOSIHHOM YCHUJIEHUH OT YPOBHSI CHOHTAHHBIX
yMoB [,P 0 Takoil MHTEHCHBHOCTH [y, IPH KOTOPOii Be-
POSITHOCTH BBIHY)XJEHHBIX M3JIyYaTEeJBbHBIX MEPEXOA0B MO
JIECTBAEM M3JIyYCHUS TEHEPAIINU CTAHOBUTCS CPABHUMOIA €
BEPOSITHOCTBIO BO30YxaeHus L[O o neiicTBueM U3TydeHus
Hakauku. Ha 3ToM 3Tane MHTEHCUBHOCTb TE€HEPAIIMU MOXHO
TOJIYYUTh U3 YpaBHEHUS (2), ojiarasi KOHIEHTpanuo N, 1o-
CTOSIHHOM ¥ paBHOM N3

Ig(vg7 VP) = Igsp [RKz(vgv VP) eXp(_zlﬁpas)yz/twv (4)
T7e ty/teay — 3P dexTHBHOE YHCI0 00X0I0B pe30HATOPA;
K(vg,vp) = exp{[oa1 (vg) + UIZ(Vg)]stm(Vp)l —o12(vg) NI} (5)

— HEHACBIILICHHBIN KO3(1)(1)I/IHI/I€HT YCUJICHUA B AKTUBHOM cpeac
Ha JJIMHE BOJIHBI I'CHCPpAlUU MPU 3aJaHHOM Vp. I/ICHOJ'IB3yﬂ

BbIpaxeHue (3) aiast N5, mosyuaem

K(vg,vp) = eXp[UEf(ng vp) NI, (6)

rie o (v, vp) = (021 (ve)o12(vp) — T12(ve) 021 (vp)]/ [021 (vp)+
012(vp)] — 3 dexTUBHOE ceveHNe TeHepaIy, OIPeIeIIsEoIIee
yCUJIEHHE CJIabOro CHrHajla Ha Ve NPH IIPOCBETJICHUH KPH-
CTaJIa HAKAYKOM C Vp.

CrekTpasibHast 3aBUCHMOCTb 6 ! (Vy, V) OT IIMHBI BOJIHBI
TeHEPAIIMH JIJIs1 PA3JIMYHBIX JIJIMH BOJIH HAKAYKH MTOKa3aHa Ha
puc.1. Buano, 4To caBur A, B KOPOTKOBOJHOBYIO 00J1aCTh
HOPUBOIMT K PE3KOMY yBennueHuro ¢ *f u kospduuuenta ycu-
JICHUSI AKTUBHOM CpeIbl, 00eCTeYrnBasi BO3MOXHOCTD PACIIIU-
peHns auanasoHa resepanun LiF:F, -nmazepa. Just A, < 980
HM 3HaueHHe (v, v,) OKa3bIBAETCS MPENENLHO BBICOKHM,
COBIAJIAFOIINM C 021 (Vy) U HE 3aBHUCSIM OT Vpp. Mcxons u3
dopmyn (3) — (6) BpeMsi pa3BUTHSI T€HEPAIMM HA BTOPOM
JTamne

In[Zy(vg, vp)] — In IP

I = te.
27 2Nl InR - B,

. (7)

as

W3 popmynsl (7) BUIHO, YTO AJIUTEIBHOCTh PA3BUTHS Te-
HepalUyd Ha 3TOM BPEMEHHOM YYaCTKe MPSIMO MPOMOPIIAO-
HaJIbHA ONTHYECKOH IUIMHE Pe30HATOPA. Y BEIMICHHE KO3-
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(10717 cm?)

1.0 1.1 1.2

Puc.1. CnekrpalibHasi 3aBUCUMOCTD 3()()EKTUBHOTO CEUCHUS YCUIICHHUS B
kpuctayuie LiF ¢ F,-LHO npu Bo30Oyxnaennn InGaAs- (980 nm; 1),
YAG:Yb3*-(1.029 mxMm; 2), YLiF4£Nd? - (1.047 mxym; 3), YAG:Nd3*-
(1.064 mxM; 4) 1 YAP:Nd? " -nazepamu vakauku (1.079 mxm; 5). Wtpu-
XOBas JIMHUSI — MIOTEPH B PE3OHATOPE Jia3epa, UCMOJL30BAHHBIE B pac-
Yyerax.

2 (MKM)

(dunmenTa OTpasKeHUs BLIXOJAHOTO 3epKaJjia IPUBOIUT K yBe-
JINYEHUIO OOPATHOM CBSI3U B PE30HATOPE U, KaK CIEICTBUE, K
YMEHBIICHUIO BpeMEHH Pa3BUTHS T€HEPAINH, TOT1a KAK POCT
TACCUBHBIX MOTEPh AET MPOTUBOIOJIOXKHBINA PE3YJIbTAT.

Ha TpeTheM 3Tare remepaiys BLIXOIUT HA KBA3UCTAIHO-
HapHbIi pexuM. Ee apdextuBHOCTb 11 = (Ve/Vp) [Bact/ (Bact+
2UBoas)I(1 = Tyy), The mepBblii MHOKHUTENb XapaKTepU3yeT
CTOKCOB C/IBHT MEXY JJIMHOM BOJIHBI HAKAYKHU U TeHEPAIIHH,
BTOPO# paBHSETCSI OTHOIIEHUIO BBIXOTHON MOIITHOCTH U3ITy-
YeHHUs] KO BCEeW W3JIyYCHHON MOIHOCTH HA JJIMHE BOJIHBI
TeHEpAIMHU, & TPETUI — OTHOIICHUIO MOTJIONICHHOW MOIIHO-
CTHU Ha JJIMHE BOJHBI HAKAYKH, K MOIIHOCTH HAKayKH, Maaa-
FOIe HA AKTUBHBIM 3JIEMEHT, T.e. ompeaensieT 3pdexTus-
HOCTH TOTJIOMICHUS] HAKAYKH [7, §].

IIpn maHHOM pacCMOTPEHHH KBa3HCTAIIMOHAPHOTO pe-
KMMa TeHepaIiK He YIUTHIBAJIOCHh BIUSIHUE IOTEPh, CBSI3aH-
HBIX C IPOLIECCAMHU CIIOHTAHHOM pejlakcaluy U CyNepItOMU-
HeclleHIK, Ha 3(pQEKTUBHOCTH reHepanuu. [Ipomyckanue
AQKTUBHOTO 3JIeMeHTa 1}, Ha JJIMHE BOJIHBI HAKAYKHA MOXHO
OTIPENIeNIUTL W3 YCIIOBHSI CTAlMOHAPHOCTH. B 3TOM cityuae
yCHJICHHE Ha JUIMHE BOJIHBI TeHEPAIlNH 32 00X0J 110 pe30oHa-
TOPY JOJKHO PABHATHCS TOTePsM, T.e. RK? exp(—2p/) = 1.
B pesysnbraTe 11 NPOAOJBHOM HAKayKH, BOCIOJIb30BAB-
IIACH YCIIOBHEM CTAIIMOHAPHOCTH, U3 YpaBHEHUS (2) MOXKHO
HAWTH YCPeAHEHHYIO CTAIIMOHAPHYIO HHBEPCHIO B AKTUBHOM
3JIEMEHTE U, TOJICTABUB €€ B IPUBE/ICHHOE BBIIIIC BHIPAKEHIE
IS 1], ONpeaesuTh 3 (HEeKTUBHOCTD TeHEPAIINY HA KBA3HCTA-
LIMOHAPHOM JTale Kak

Vg Bact { [
n=————""——<31—exp|—2Nlop(v
Vp ﬁact + 21ﬁpas : ( p)

a12(vp) + 021 (vp)
o12(vg) + 021 (ve)

[ﬁaol + ﬁpas + 2N1012(Vg)}:| } (8)

W3 (8) BUIHO, YTO CYIIECTBYIOT ONTUMAJIbHBIE AKTHBHBIE
norepu, cooTsercTByromme MakcumaiabHomy KIIJI mazepa,
KOTOpBIE 3aBUCIT OT MACCHBHBIX MOTEPh M KO3 (puiueHTa
MOTJIOLLIEHHST M3JIyYeHUsI Hakauku. Ha puc.2 mpencraBiieHbl
pacueTHBIE IEpeCTpOeUHbIe KpUBbIe reHeparmu LiF:F, -naze-
pa B KBa3UCTAIIMOHAPHOM PEXUME ISl PA3HBIX KO3 unmeH-
TOB OTPaXXEHHS BBIXOIHOTO 3epKaJjia MPU HAKAYKE U3JIyUYCHH-
2 KsaHmoBas afiekmpoHuka, m.24, Ne 7

0.6

04 -

0 1 1
1.0 1.1 1.2 Jg (MKM)
Puc.2. Pacuernsle mepectpoeunbie Kpusble KIIJI renepanuu 1 mepe-
crpamBaemoro LiF:F; -masepa mpu Hakauke m3itydeHmeM YAG:Nd3™-

nazepa (1.064 Mmxm) 1151 K09 GHIUEHTOB OTpaXKEeHHs BBIXOIHOT O 3epKaia
10(7), 20 (2), 50 (3), 70 (4) m 90 % (5).

eM YAG:Nd3 " -nasepa. UnciieHHbIE 3HAYEHUS TAPAMETPOB
AKTHBHOTO 3JIEMEHTA, UCIIOJIb30BAHHBIE B BBIYMCIICHUSIX, CO-
OTBETCTBOBAJIN PEATHHBIM YCJIOBHUSIM JKCIIEPUMEHTA (TIpe-
CTaBJIEHBL B cllefytolleM paszjnene). 13 puc.2 cienyer, 4To
CYIIECTBYET HHTEPBAJ ONTUMAJIBHBIX KOIPPHUIIUEHTOB OTpa-
JKeHUs BBIXOIHOT O 3epkajia (10—50 %), mpuueM yem OoJbIie
R, TeM mmpe o0J1acTh epecTpoiKy reHepaiyu jaszepa. Poct
koaddunuenTa oTpaxenus cpoiiie 50 % TPUBOIUT K 3aMET-
Homy nazgenuto KIIJ[ B makcumyMme, Ipu HEKOTOPOM pac-
IIUPEHUN 00JIACTH MIEPECTPaNBAEMON TEHEPATLIIH.

Ha puc.3 npeacrasiieHbl TEOPETUUECKHUE NIEPECTPOCUHBIE
kpusble 1711 LiF:F, -nmasepa ¢ R = 20% mnpu Bo30yXIeHUU
pa3HBIMH JIa3epaMu HaKauku. BuaHo, 4To mpu Hakauke ¢ 60-
Jiee KOPOTKOM JTMHOI BOJTHBI 3aMETHO PACIIAPSETCS CHEKT-
panbHBIN auama3oH reHepammu u moBwimaetcs KIT. Uc-
nosnb3oBanune YLiF4:Nd3 ' -nasepa okasbiBaeTcs onTumaib-
HBIM, XOT$I BO3MOXHO, YTO IIPUMEHEHUE e1le 00Iee KOPOTKO-
BOJIHOBBIX JIa3epOB HAKauKU OyJeT CHOCOOCTBOBATH JAJIb-
HeWIleMy pacllMpeHNIO CIIEKTPpa TreHepaIyy, OCOOEHHO B KO-
POTKOBOJIHOBYIO 00J1aCTh.

0.4 -

0 I I
1.0 1.1 1.2 2y (MKM)

Puc.3. Pacyetnbie nepectpoeunbie kpuble KITI reneparuu n LiF:F; -
nazepa C BBIXOAHBIM 3epkaJioM ¢ R =20% mnpu Bo30OyXAeHUH
YLiF4Nd3*-(1.047 mxm; 1), YAG:NA? - (1.064 mxMm; 2) u YAP:Nd3 *-
nasepami (1.079 mxwm; 3).
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I (otH.en.) I (otH.en.)
1.0+
1.0
{21 3
0.5 01y 0
0 0.01 1 1
t (HC) 0 10 20 t—1 (HC)

Puc.4. OcuuuiorpaMMbl UIMITYJILCOB Hakauku (/) u reHepanmu (2 —4) re-
pectpaunBaemoro LiF:F; -nasepa Ha amunax sos 1.15(2), 1.19 3) u 1.1
MKM (4) (@), a TaK)Ke MHTEHCUBHOCTU UMIIYJIbCOB T'€HEepaluu, HOPMUPO-
BaHHBIC HA WHTCHCUBHOCTH MMIIYJIbCA HAKAYKH (0); IITPUXOBOMN JIMHHEH
OTMEUCH MOMEHT IIPOCBETJICHUS] aKTUBHOTO 3JIEMEHTA.

2. Pe3yabTaThl 0 UX 00CY:K/IeHHE

BpemeHHEBIE U reHepaoHHbIe XapakTepuctuku LiF:F; -
Jla3epa MCCIIEOBAJINCH B CEJIEKTUBHOM pE30HATOpE JIa3epa
«MAJICAH-203» [9], 06pa30oBaHHOM IUIOCKUM BXOJIHBIM
3epKaJioM U JUPPaKIMOHHON pelIeTKo’, KoTopas paboraia
B aBTOKOJUIMMAIIMOHHOM pexume. BxonHoe nuxponyHoe
3epKajio UMeJI0 KO3 PHUIIMEHT OTpakeHUs B 00JIaCTH reHepa-
mun (1.08—-1.29 mxm), 6muskuit k 100 %, nmpomyckanme Ha
JUTIHE BOJIHBI HaKa4yku cocTaBIsio 90 %. DPPekTHBHOCTH
mudpaxun permetku (1200 mTp./MM) B aBTOKOJUTAMAIIAOH-
HOM pexume Ob11a okoJio 20 %, HyJeBoi nopsaok audpak-
LIUH UCTIOJIB30BAJICS JJIsl BBIBOAA U3JIYYECHUS U3 PE30OHATOPA.
AXTHUBHBIH 2JIEMEHT IpeACTaBIIsAI coboi kpuctamt LiF ¢ F; -
O nmmunoi 8 oM, BeIpe3anHbIil mon yriom bproctepa. Koad-
¢ument noryomenus F, -11O B HeM Ha nymHe BoJHEI 1.064
MKM pasHsuicst 0.51 em~ 1.

[TapasuTHble MOTEPH B MAKCUMYyME IOJIOCHI JIFOMHHEC-
UEHIUH Kpas paBHsiiuch 0.024 cm~!. O6iast KOHIEHTpauus
F,-110, onenennas mo popmyne N = K(v,)/012(vp), cocTa-
Bria 3-1016 cm 3. B kavecTBe HCTOYHUKOB HAKAYKU HCIIOJIb-
30BaJIMCh JIa3epbl C AKTHBHBIMHU JJIEMEHTAMH HA OCHOBE
kpuctaiioB YAG:Nd3* u YLiF4:Nd3*, paboraromue B pe-
JKIME MOIYJISIIUU TOOPOTHOCTH, C SJHEPTUEH B UMITYJIbCE Ie-
Heparmmu g0 40 MK 1 IIATETFHOCTHIO UMIYJIbCOB 20 HC.
NMIynbchl  peruCTpUPOBATIMCH JIABHHHBIM  (DOTOINOOM
JI®I-2A u ocumiiorpadom TekTporukc TDS 350. Bpemen-
HOE pa3pelleHrue CHCTEMbl PErUCTPALUU IO TepeJHEMY
(ponTy 6BLITO OKOJIO 1 HC.

Ha puc.4,a moxa3aHbl THIIMYHBIE UMITYJILCBI HAKAYKH (KPU-
Basi /) urenepanuu (2—4) nepectpanBaeMoro LiF:F; -nazepac
nakaukoil YAG:Nd3*-nazepom (W, = 27 mIx). Usnyuenue
Hakavky Bo30yxnaio F; -11O B 061acT aKTHBHOTO 3JIEMEHTA
¢ nonepeunsiM ceyenreM S = 0.1 cm?. TTo omeHKaM, SHEPrus
HAaKayK¥, HeOOXoauMasi JIJIsl IPOCBETJICHUS] paboyero KaHasa
AKTUBHOTO 3JieMeHTa, coctaBmia 1.2 m/lx. [ms mmmynibca
HAKaYKd JAHHOU (DOPMBI MEPBBIA ITAN PA3BUTHUS T€HEPAIIUH
3aKaHYMBACTCS, KOTJa WHTCHCUBHOCTh HAKAYKM JOCTHTAET
npumepHo 20 % ee MaKCUMAaJIbHOW BEJNYMHBI, YTO COOTBET-
CTBYeT NpHUMEpPHO 5% oOIuei SHepruM B UMIYJbCE. DTOT
MOMEHT OTMEYEH LITPUXOBOU JINHUEH Ha puc.4,a.

BpemeHHast kapTHHA Pa3BHTHS UMITYJILCOB TE€HEPAIIH,
HOPMHPOBAHHBIX 110 MHTEHCUBHOCTH HA MMITYJILC HAKAYKH,
nokasana Ha puc.4,6. Xopouio BUIHBI BTOpasi U TPEThsI CTa-
JIUY Pa3BUTHUS FEHEPALIMU — CTA U 9KCTIOHEHIIMATIBHOI'O POC-
Ta ¥ KBa3ucTanuoHapHas. Pa3nnuus B koapdunueHTax ycu-
JICHWS Ha Pa3HBIX JJIMHAX BOJH TEHEPAINU MPUBOASAT K He-
60JIBIIIOMY U3MEHEHUTO HAKJIOHA KPUBBIX HA puC.4,6 U, COOT-
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Puc.5. Teoperuueckasi (KpuBasi) 1 9KCIIEpUMEHTAJIbHAS (TOYKHN) 3aBUCH-
MOCTH BPEMEHHU > pa3BuTus renepanuu LiF:F, -1a3epa Ha BTopoM sTarne
OT [UIMHBI BOJIHBI T€HEPAIMU; CBETJble TOYKM — 3KCHEPUMEHTAJIBHO
HU3MEPEHHbIC BPEMEHHBIE 3aIEPKKH MEKITYy MAKCHMyMaMH HMITYJIbCOB
TeHepALK ¥ HAKAYKH.

BETCTBEHHO, K PA3HBIM 3aJIePKKaM B Pa3BUTHUU TEHEPAIIWH.
Taxum o0pa3oMm, 3KCIIepUMEHTAJbHBIE PE3YJIbTATHI 1O AH-
HAMHKE JIa3epHON TeHepaluy KA4eCTBEHHO COOTBETCTBYIOT
MO/IeJIA, OCHOBAHHOW HA PACCMOTPEHUH TPEX He3aBHCHMBIX
9TAINOB PA3BUTHUS T€HEPAIIUH.

3aBACHMOCTH BPEMEHHOH 3aJIep)KKH BTOPOTO 3Tara pas-
BHUTHS TeHepanuu (f;) OT ee JUIMHBI BOJIHBI JJaHAa Ha puc.S.
JMTenbHOCTD 3Tana H3MePSIach OT MOMEHTA TIOJIHOTO MPO-
CBEeTJIeHUs1 paboyvero kaHaja (IITPUXOBas JMHUS HA puc.4,q)
JTI0 MOMEHTA JTOCTYKEHHSI HHTEHCUBHOCTBIO reneparmu 10 %
OT CBOETO MAaKCUMyMa. DTH MOMEHTBI OTMEUEHBI 3BE3/T0UKa-
MU Ha puc.4,a. CrIolIHAas KpUBasi HA PUC.S SIBJISIETCS PE3YJib-
TaTOM BBIYMCIICHUN 1O dopmyste (7) ¢ mapamerpamu R =
20 %, Ig/]g(o) = 10'° u Bpemenem o6xoma pesonaropa 1.6 He.
BuaHo, YTO MUHMMAaJIbHAS 3aepXKKa, paBHAS 4 HC B ICHTPE
JMana3oHa TepecTPOKY, MpeBblmaeT 12 HC HAa ero Kpasix
(st numH BotH Kopoue 1.1 MkMm u mmnee 1.21 Mkm).

OJ1HaKO HEOOXOIUMO OTMETHTh, UTO 151 3PPEKTUBHOT O
HEJIMHEMHOTO CMEIeHUs! Pa3IMYHbIX JIA3ePHBIX 4aCTOT CY-
IIECTBEHHO HE BPeMs f2, & BPEMEHHOE TEePEKPHITHE MAKCH-
MYMOB HWMIYJBCOB TE€HEpAlMM M HAKAYKH. DKCIHepUMEH-
TAJIbHO U3MEPEHHASI 33 JICPIKKA MEXKIY ITUMU MaKCUMyMaMHU
(cBeTyible TOYKM) ISl CHEKTpaJibHOro auamna3oHa 1.1-1.21
MKM HaxXOAUTCs B MHTepBaJie 2 — 8 HC, YTO MEHBIIIE JIIUTEb-
HOCTH UMITYJIbCA HAKAYKH M COOTBETCTBYET €r0 XOPOLIEMY
BPEMEHHOMY MEPEKPBITHIO C IMITYJIbCAMU IIePECTPanBaEeMO
TeHEPAIINH.

MBI ucciieJ0BaIM 3aBUCUMOCTb BPEMEHH 33 IePKKU T'eHe-
paluy OT SHEPIMU HaKauKu pu Bo30yxaennn Y LiF4Nd3 *-
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20 40
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Puc.6. Dueprernueckue 3asucumoctu KIIJI nepecrpauBaemoii renepa-
wnn LiF:F, -nasepa Ha juiine Bostsbl 1.14 MM nipyu nakauke YLiF4Nd3 * -
nazepoM (TPEYroJbHUKH), & TAK)KE BPEMEHHOW 3aJepXKU ! UMILYJIbCa
TeHEePALUH 110 OTHOIICHHIO K HaKauke 1o ypoBHIO 0.1 (TeMHbIE KPYXKKH) U
110 MAKCUMYMY (CBETJIbIE KPYKKH).
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Puc.7. DxcnepnMenTanpHbIE TIepecTpoedHble kKpusble LiF:F; -nmasepa B
ontuieckoit cxeme jaszepa «MAJICAH-203» npu Bo30yxaeHnu YAG:
Nd3*- (1) u YLiF4Nd3* -nazepamu (2).

J1a3epoM HAKayKH, 00eCneUnBAIOLINM, KAK OTMEUYEHO BBIIIIE,
Ooutee BBICOKHN KOI(DMUIMEHT YCHIICHHs. DHEPTHs J1a3zepa
Haxkauyku coctasisuia 34 m/Ix u ocinabisigack ¢ MOMOIIBIO
HEHTpaNbHBIX GUIBTPOB. Ha puc.6 moka3aHbl 3aBUCHMOCTH
3aJepKKH UMIIyJbca reHepanuu 1no ypoHio 0.1 (TemHble
KPYXXKH, CIUIOIIHASI KPUBasi) U MO MAaKCUMyMy (CBETJIbIE
KPYXKH, IITPUXOBASI JIMHUS), a TaKkKe 3PPEKTUBHOCTHU T'eHE-
panuu Ha UIMHE BOJIHBI 1.14 MKM OT 3HEpPIUM HAKAYKH.

Ha skcriepuMeHTabHBIX KPUBBIX MOXHO BBIJICIIUTD JIBA
OCHOBHBIX Y4acTKa: IE€PBBIA COOTBETCTBYET MAJION SHEPTUU
HAKayky, OJM3KOH K MOpOTy IeHepauuy, BTOPOil — 3HA4M-
TeJILHOMY MPEBBILICHUIO Topora. Ha mepBom yuacTke ¢ poc-
TOM 9HEPIUX HAKAYKH 3a]IepiKKa TeHepanuu ObICTPO YMEHb-
maercs oT 22 1o 10 HC U 3((PeKTUBHOCTH I'eHEepalluu yBe-
smmauBaeTcs 10 20 %, a mpocBeTJIeHne aKTUBHOM CPeJIbI TPO-
HCXOIUT TOJILKO K KOHIYy BO30Oyxaarolero ummysbca. Ha
BTOPOM yd4acTKe KpuBasi 3pPeKTUBHOCTU TeHEPAIMH BBIXO-
UT Ha HaceleHne. HeGompIoe yMeHbIIIeHHe BpeMeHH 3a-
TepXKu reHeparmu (mo yposHIO (.1) CBS3aHO C yMEHBbIIIe-
HUEM BPEMEHU MPOCBETJICHUS aKTUBHOW CpeIbl C yBEJIve-
HHEM DJHEPruM Hakayku. [Ipm 3TOM 3ajepxka MEXIy
MaKCUMYMaMU UMITYJIbCOB T€HEPAIM U HAKAYKK NP SHEP-
T HaKadky cBblle 4 M/JIx ocTaeTcst IpakKTHYECKU OCTOSIH-
HO U COCTaBJISIET OKOJIO 2 HC.

Kak nmokazano Ha puc.l, ykopoueHue JIMHBI BOJHBI HA-
KAa4YK¥ Ha JIMHHOBOJIHOBOM KPbIJIC JINHUH MTOTJIOIICHUS TPH-
BOJUT K YBEJUYEHHIO 3(GQPEKTHUBHOIO CEUCHUS YCUJIEHUS.
HItpuxoBoii TUHUEH MOKA3aHO CEUEHUE, MPU KOTOPOM KO-
3(p(UIUEHT yCUJICHUS B aKTHUBHOM Cpelie CTAHOBUTCS PaB-
HBIM TOTEPSIM HUCIOJIb30BAHHOTO pe3oHaTopa. BumHo, 4yTo
3amena YAG:Nd? " -nazepa nakauku Ha YLiF4:Nd3 *-nazep
JIOJDKHA IPUBOJUTH HE TOJIBKO K yBeJMUeHUIO 3(exTuBHO-
ctu LiF:F; -na3epa, HO ¥ K paclIMpeHHIo JUana3oHa IepecT-
poiixu [10].

Ha puc.7 naner nepectpoeunsie kpusble LiF:F, -naszepa
MpH BO30YXKJICHUU 3THMH HCTOYHMKAMHU Hakauyku. B obomx
CJIydasix HEPTrUHM MMITYJIbCOB HAKAYKU U UX JJIMTEIHLHOCTH
ObLIM OIMHAKOBBIMHM U cocTaBJisiu 30 M Ix u 20 HC COOTBET-
cTBeHHO. Buano, uro nepexon k YLiF4:Nd3 *-n1asepy nakau-
KM IPUBOAMT K YBeJIMUYeHHUIO 3(GGEKTUBHOCTH TeHEPAIUU OT
20 mo 39 % u K pacmmpeHHro crekTpa reaepanuu ot 1.09 —
1.27 mxm go 1.065—-1.29 mxm. st u3mepenust aGppexTus-
HocTH TeHepanmu LiF:F, -nmasepa mcnoib3oBaslach cxema
kommepueckoro Jazepa «MAJICAH-203»; mnosyueHHOE
yJIyqIlIeHne TapaMeTPOB XOPOIIIO COOTBETCTBYET MIPOBEICH-
HOMY BBIIIIE AHAJIN3Y ¥ IO3BOJISIET IPEICKa3aTh NaIbHelee
noBeimenne KITJI u pacimpenne crekTpa TeHepanuu Ipu
nepexojie kK 6ojiee KOPOTKOBOJIHOBOI Hakavke, HATIPUMED C
ucnosibzoBanneM YAG:Yb3 *-nazepa (1, = 1.029 MkMm) uim
nosrynpoBogaukoBoro InGaAs-nazepa (g = 0.98 Mmxm ).

BruiBoab1

TeopeTnyeckn paccCMOTpeHa TUHAMUKA PA3BUTHS H 3-
¢dextuBHOCTE TeHepammuu LiF:F, -ma3epa mox neiicTBueM
HAKaYK{ HEOJMMOBBIMHU JIa3epaMU C Pa3JIMYHBIMU JUTHHAMUA
BOJIH reHepaluu. Pe3yibTaThl IPOBEAEHHBIX 3KCIEPUMEHTOB
MOKa3ajM, 4YTOo OJyiaromapst OOJIBIIIOMY CEUYEHHIO YCHJICHUS
UMIIyJIECBI TeHepanuu nepectpamBaemoro LiF:F, -masepa
3aJIePKUBAIOTCS OTHOCHTEILHO UMITYJIbCOB HAKAYKHU TOJBLKO
Ha 2-8 HC, YTO 3HAYUTEIHHO MEHBIIE OOBIYHBIX JIUTENb-
HOCTEl IMITYJIbCOB HAKAYKH. DTO 00ECIEeUnBAET UX XOPpOoIIee
BPEMEHHOE MEPEKPBITUE U MO3BOJISET MOJIYy4YaTh 3PPEKTUB-
HOE CMeIIeHNe YaCTOT TeHepali U HAKAYKH C [EJIbI0 pac-
HIMPEHNUs CHEKTpasIbHOH nepecTpoiiku LiF:F; -nasepa B BU-
mumom n MK nmama3oHax crekTpa.

AHaJM3 CeKTpaJibHbIX 3aBUCUMOCTEH 1MOKa3aJ, YTO OJI-
HUM U3 ITyTel MoBbILIeHUs 3)(HEKTUBHOCTU TEHEPALMU TIepe-
crpauBaeMoro LiF:F, -mazepa « MAJICAH-203» u pacmm-
PEHHS €ro CHEKTPAJIBbHOIO JUANA30HA SIBJISIETCS MCHOJIB30-
BaHHe 0oJiee KOPOTKOBOJIHOBBIX ICTOYHUKOB Hakauku. Tax,
HanpuMep, Jiazep Ha kpucraiie YLiF4:Nd3 T, paboraroumii
Ha JJIMHe BOJIHBI 1.047 MKM, MO3BOJISET yBEeIUUYUTh 3dek-
TUBHOCTB TeHepanuu LiF:F, -ma3zepa B 1ucnepcuoHHOM cxe-
me 10 40 % u pacIMpUTh TUANAa30H NEPECTPANnBACMBbIX JINH
BoJiH 70 1.07—1.29 Mxm. [TosyueHHble pe3yabTaThl IO3BO-
JISIOT PACCUMTHIBATL HA YJyYIIeHHE pslia MapaMeTpoB
LiF:F; -nazepa npu ncrnosb3oBanun YAG:Yb? " -nasepa (/g
= 1.029 mxm) wim noaynpoBoaHukoBoro InGaAs-mazepa
(4 = 0.98 MKM) B KQ4eCTBE HCTOYHUKA HAKAYKH.

PaGoTa BbINOJIHEHA TPHU YACTUYHON (PUHAHCOBOI TMOJI-
nepxke TKHTII P® B pamkax nporpamm «Onrtuka. Jlazep-
Has ¢pusnka» u « TBepaOTENIbHBIC J1a3epbl», a Takxke OJaro-
napsi ¢puHaHcupoBaHuto 1o rpantam EPSCOR-NSF OSR-
9450570 u OSR-9550480).
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T.T.Basiev, P.G.Zverev, A.G.Papashvili, V.V.Fedorov. Temporal and
spectral characteristics of a tunable LiF: F,~ colour-centre crystal laser.

A theoretical and experimental investigation was made of the
temporal and spectral characteristics of a tunable LiF crystal laser
with F,” colour centres. The temporal profiles of the output pulses
overlapped considerably the pump laser pulses because of a large
amplification cross section. A study was made of the influence of a
change in the pump laser wavelength on the spectral and oscillation
characteristics of the LiF: F, laser.





