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Mechanisms of a change in the refractive index
of an intensely pumped Yb: YAG crystal

O.L. Antipov, D.V. Bredikhin, O.N. Eremeykin, E.V. Ivakin,

A.P. Savikin, A.V. Sukhodolov, K.A. Fedorova

Abstract. Mechanisms of a change in the refractive index
appearing in an intensely diode-pumped Yb:YAG-laser disk
element are studied with the help of polarisation interferom-
etry and dynamic grating testing. It is found that changes in
the electronic component of the refractive index arising upon
changing the populations of electronic levels of Yb*" ions (the
ground 2F7/2 state and the upper 2F5/2 level of the laser
transition) and caused by the difference in the polarisability

of these levels are an order of magnitude greater than thermal
changes in the refractive index. It is shown that the difference
A p in the polarisability at the probe wavelength of 633 nm is
1.9 x 1072 cm?® and at the laser transition wavelength of
1029 nm is 1.6 x 1026 cm?.

Keywords: laser crystals and glasses, Yb : YAG crystal, changes in
the refractive index, polarisability, nonlinear optical properties.

1. Introduction

Intense pumping of laser crystals is accompanied by
considerable changes in their refractive index, which limit
the lasing power and the quality of the light beam in laser
amplifiers and generators. The refractive index changes
(RICs) in laser crystals upon pumping are caused both by
thermal heating and changes in the excited-level popula-
tions of activator ions (Nd**, Yb**, Tm?*, etc.). The RIC
caused by a change in the electronic level populations is
explained by the difference in the polarisability of these
levels [1—4]. It has been shown earlier that upon intensive
diode pumping of Nd**-doped laser crystals and glasses,
the electronic component of RICs can be comparable with
the thermal component [2—4].

Laser crystals and glasses doped with Yb>" ions are of
current interest as the most promising materials for active
media of high-power solid-state diode-pumped lasers [5—7].
The energy level diagram of Yb®' ions in such laser
materials provides a small difference between the pump
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and lasing photons as well as absence of up-conversion
effects and excited-state absorption (Fig. 1). Due to this,
thermal distortions of beams in such laser media are
minimal and electronic RICs caused by the difference
between polarisabilities of excited and nonexcited Yb**
ions can become dominating. Recent studies have shown
that strong electronic RICs in ytterbium-doped fibre lasers
can play a significant role in processes of summation of
radiation from multichannel lasers [8]. However, informa-
tion on electronic RICs in Yb-doped laser crystals has not
been available so far.

This paper is devoted to the study of RIC mechanisms in
an intensely diode-pumped Yb:YAG crystal with the help
of polarisation interferometry and dynamic grating meth-
ods. The aim of this paper is to determine the contributions
of electronic and thermal RIC components.

2. Interferometric measurements

Changes in the refractive index in a diode-pumped
Yb:YAG crystal were studied with a compact highly
sensitive  Jamin—Lebedev  polarisation interferometer
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Figure 1. Energy level diagram of Yb*" ions in a Yb: YAG crystal.
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Figure 2. Scheme of the polarisation interferometer: (7, 7—9) lenses; ( 2) polarisation beamsplitter; (3) Yb: YAG disk with a mirror for 633 nm; (4)
semitransparent mirror; (5) Glan’s prism; (6) mirror; ( /0) two-channel detector with an electronic differential amplifier; (/7) signal analyser; (12)

diode laser (4 = 633 nm); (/3) He—Ne laser.

(Fig. 2). Measurements were performed in a 400-pm thick
Yb: YAG-crystal disk (ELS-94 Ltd, Moscow) of diameter
6 mm. The crystal was doped with Yb** ions with the
atomic concentration of ~9%. A broadband InGaAsP/
GaAs heterostructure laser diode (fabricated at the Physics
and Technology Institute at the Nizhnii Novgorod State
University) emitting ~ 1-ms, 6-W pulses at 941 nm was used
for pumping. The pump beam was focused by a system of
lenses into a region of size ~0.15x 1.0 mm on the
Yb:YAG disk. Two probe orthogonally polarised beams
from a 633-nm, 15-mW He—Ne laser propagated in the
disk through the pumped and non-pumped regions (the
distance between probe beams was ~1.5 mm, their
diameters in the sample being ~ 100 um). The results of
measurements of the phase shift caused by pumping were
averaged over more than 500 pulses, which reduced the
phase:3 measurement errors in the interferometer down to
~107".

The RIC dynamics was measured during the pump pulse
and after its termination. A quasi-linear increase and a
decrease in the RICs were observed respectively in oscillo-
grams during this pulse and after its termination (Fig. 3).
The maximum RIC at the end of the pump pulse was
~7 % 107°. The detected signal was described with a high
accuracy by the sum of two exponentials: Y =
Yo+Aexp(—t/t)) +A,exp(—t/t;). A stronger fast com-
ponent had the characteristic time #; ~ 0.9 — 1.0 ms, which
was independent of the focal length of lens (9) (Fig. 2). This
relaxation time corresponds to the lifetime of the metastable
2F7/2 level of a working laser transition T, in a Yb: YAG
crystal. Therefore, this component can be identified with
electronic RICs An,, caused by the difference Ap in polar-
isabilities of the ground *F; /2 state and excited metastable
2F5/2 level, which can be described by the expression [1, 2]:

2TtFL2

ny

An, = ApAN, (1)

where FL2 :(n§+2)/3 is the local field factor (Lorentz
factor); ng is the unperturbed refractive index; AN is the
change in the populations of the 2F5/2 and 2F7/2 levels. The
second slowly varying component [with the characteristic
time 7, increasing from 3 to 7 ms with increasing the focal
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Figure 3. Typical experimental oscillogram of RICs (wide grey curve)
and its approximation by the sum of two exponentials (solid curve) for a
~2-W pump power. The approximation parameters are presented in the
figure.

length of lens (9)] can be defined as a thermal RIC and
described by the expression:

on AT

6_T > (2)

Af’lT =

where On/0T is the coefficient of a temperature change in
the refractive index; and AT is the temperature changes in
the channel of the pump beam in the crystal. The amplitude
of the main signal and the ratio of the fast and slow
components change with changing the pump region. The
main signal had the maximum amplitude when one probe
beam propagated through the pumped region in the crystal.
In this case the amplitude of the fast (electronic) component
was much greater (approximately by an order of magni-
tude) than the amplitude of the slow (thermal) component.
The main signal and its fast component decreased, when the
pump beam was displaced from the region of the probe
beam, while the thermal component was less sensitive to the
displacement of the pump beam. These results well agree
with the above explanation of the RIC origin. Indeed, the
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electronic component is related locally with the pump
beam, while the slowly relaxing thermal component — non-
locally (due to thermal conductivity).

In this connection, total RICs can be represented as a
sum of electronic and thermal components (An = An.+
Any), the first component dominating over the second
one. Changes in the populations of the electronic 2F5/2
and 2F7/2 levels upon pulsed pumping (pulse duration Tz,
and power P, = const) in the experiment were estimated
from the expression:

oA P, T, T
AN = Dol le | _n )|, 3
heS, P\ @)
where o, and 4, are the effective cross section and the

pump wavelength, respectively; % is Planck’s constant; c is
the velocity of light; S, is the cross sectional area of the
pump region. RIC measurements, separation of compo-
nents, and calculation of the excited 2Fs /2 state population
from expression (3) allow us to estimate [see expression (1)]
the difference of polarisabilities in the ground and excited
states of ytterbium ions: Ap ~ (1.9 £0.8) x 1072 cm3 (at
the probe wavelength A, = 633 nm). A great scatter in the
values is caused by a strong divergence of the pump beam,
which leads to considerable changes in its intensity
depending on the position of the Yb:YAG disk in the
focal waist.

3. Measurements by the dynamic grating method

The dynamic grating in a Yb: YAG crystal was excited by
10-ns, 941-nm pulses from a Ti: Sapphire laser. The disk
under study had the same dimensions and the degree of
doping as that in the interferometric experiment, but its
output surface had a reflection coating for pump radiation.
The interference field in the crystal was formed by the
replaceable diffraction beamsplitters which allowed the
dynamic grating period to be stepwise changed (Fig. 4).
The polarisation of pump radiation was perpendicular to
the grating lines. The photo-induced dynamic grating was
probed by a cw 633-nm He—Ne laser, whose polarisation
coincided with the pump polarisation. Because this wave-
length lies outside the absorption and gain bands of the
sample, the probe radiation diffraction is caused by the
phase grating induced by the pump radiation.

The time dependence D(z) of the diffraction efficiency
(the ratio of the power diffracted to the first radiation order
to the probe radiation power) taking into account the
electronic and thermal components after the pump pulse
termination (in the case of D < 1 %) can be written as [9]:
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Figure 4.
gratings.

Scheme of the experimental setup for studying dynamic

D(1) = (nJOlAndz//lr)z _ (:’)2 {A—neexp (7%)

I t 2
+ Angyexp (—T—ﬂ , “4)

T

where [ is the sample thickness; An, and An; are the
amplitudes of electronic and thermal RIC components,
respectively, averaged over the sample thickness;
‘CT:AZ/(41T,2X) is the time of heat transfer within the
distance equal to the grating period; and y is the thermal
diffusivity.

The photoinduced RIC was experimentally studied by
for three periods of the dynamic grating (A = 53, 39 and
26 pum) and the excitation energy density 210—380 mJ cm .
The typical diffraction kinetics is a sum of two components
with a fast and slow decay (Fig. 5) with the amplitude of the
slow component being several times greater than the
amplitude of the fast component. The monotonic character
of the RIC kinetics shows that the components are in-phase,
i.e., RIC signs of both contributions are the same.
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Figure 5. Experimental diffraction kinetics for A =52 (1), 39 (2) and
26 pm (3). Solid curves are the corresponding approximations according
to (4). The inset at the top is a time dependence An for curve (3), the
inset at the bottom is the residual difference between experimental curve
(3) and its approximation.

Approximation of the experimental data according to
expression (4) yielded the relaxation time of the slow
component 7T, =900+ 50 ps irrespective of the pump
energy density and the grating period A. This value
coincides with the lifetime of the upper 2F5/2 level of
Yb?*" jons, which allows us to identify the above component
with electronic RICs appearing due to the difference in
polarisabilities of Yb*" ions in the ground and excited
states. The relaxation time 77 of the fast component was
29 4+2 ps, 15+ 3 pusand 6 £ 1 ps for A = 53, 39 and 26 pum,
respectively. The time 77 quadratically depends on A and
coincides with the time of heat transfer along the range of
the grating spacing (thermal diffusivity y of the sample
estimated from 7 is 0.026 +0.005 cm2 s !, which well
agrees with the thermal diffusivity of a heavily-doped
Yb:YAG crystal [10, 11]). Note that the electronic compo-
nent had approximately the same decay time in both
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measurement methods, whereas the lifetime of the thermal
component in the experiment with gratings is smaller than in
interferometric studies. This experimental fact can be easily
explained by the difference between the grating period and
the diameter of the pump beam in interferometric measure-
ments. The measured amplitude of the total RIC increased
linearly from 3.2 x 107 to 4.4 x 10™® upon changing the
pump energy density from 210 to 380 mJ cm 2. The studies
have shown that the relative thermal contribution to the
total RIC [, = Any/(An, + Ang] was an order of magni-
tude smaller than the electronic one (ny ~ 5% —8 %).
Three process responsible for the heat release can be
distinguished in an optically pumped Yb: YAG crystal. The
first process is caused by thermalisation due to the fast (less
than 10 ps) nonradiative transition from the pumped Stark
level (with the energy hv, = 10624 cm_l) to the lowest Stark
level (with the energy hv, =10327 cm™ ') of the upper F5/2
state [3]. Because the thermalisation time is much shorter
than the pulse duration, the heat release occurs during the
entire pump pulse. The second process is caused by non-
radiative transitions between the *Fs /2 and ’F, /2 levels. The
heat release due to this process is determined by the
population of the upper level, and its dynamics — by the
lifetime of this level. The third process is related to the fast
relaxation between Stark levels of the °F; /2 state after the
relaxation of the *Fs /2 states. The dynamics of this thermal-
isation process is also characterised by the lifetime of the
upper level after the end of the pump pulse. Because the
relaxation time of the thermal grating is, at least, 30 times
smaller than the lifetime of the *Fs /2 level, the first process
dominates when the thermal grating is formed for the time
7, = 10 ns. The thermal energy of this process is a part of
the absorbed energy determined by the factor 17, ~ 1— v;/v,.
Taking thermal and electronic process into account [from
expressions (1) and (2)], expressions for Ap and the RIC
temperature coefficient 0n/07 can be written in the form:

94/ D(0)nghcA,

Ap = , 5

= 22 (ng + 2)% 2, W1 — exp(—2al )] ©)
al _ V D(O)Cpp/lr (6)
oT ~ W, [T — exp(—2ad)]”

where 5, u n; are relative contributions of the electronic
and thermal RIC components; ¢, and p are the specific heat
and density of the Yb: YAG crystal, respectively; W, is the
energy density of the pump beam; and « is the absorption
coefficient for pump radiation. By using expressions (5) and
(6) and the measured diffraction efficiency D(0) of the
grating at the end of the pump pulse, we obtained the
difference of polarisabilities Ap = (1.95 & 0.25) x 1072 cm?
and the thermal gradient of the refractive index
on/0T =~ (0.7 £ 0.2) x 107> K~!. A considerable scatter in
the values of Ap can be explained by inaccurate measure-
ment of the energy density in the sample due to instability
of the spatial distribution of the pump beam intensity.
Considerable changes in the gradient 0n/0T can be
explained by the low amplitude of the thermal component
(compared to the amplitude of the electronic component).
Note also that the value Ap well agrees with the results of
interferometric measurements, and the value 0n/0T corre-
sponds to the results obtained in paper [10].

4. Estimate of electronic RICs near
the gain resonance

We determined experimentally the polarisability difference
at the probe beam wavelength 1. = 633 nm. At the same
time, the estimate of the polarisability difference at the laser
transition wavelength (~1029 nm) is of considerable
interest. Such a theoretical estimate of Ap(1029 nm) can
be obtained with the help of the general expression for the
polarisability [2]

2 2 2
e fqi(vqi -V )
V) =
Pe(v) 4n2mZ (2 - v2)2 + (vAvq,»)2
2
qlvAv —v7)
7
8n2FZZ ) (vAvq,) @

where e¢ and m are the electron charge and mass,
respectively; fy;, 04, V4, and Any; are the oscillator strength,
effective cross section, frequency and linewidth of the
transition between energy levels with indices q and i,
respectively The polarisability difference for F5/2 and
F7/2 levels was calculated by considering two parts, the
first one being caused by close 4f—4f transitions, and the
second one — by far but strong 4f—5d transitions:

Ap(v) = Ap* ¥ (v) + Ap*TH (). ®)

The quasi-resonance component of the polarisability
(related to the 4f—4f transitions) at 1029 nm was calculated
from expression (7) by using the values of cross sections ¢
and transition linewidths Av from the literature (Table 1).

Table 1. Parameters of the electronic 4f—4f transitions in a Yb: YAG
crystal used for calculating the polarisability.

Transition ~ 1/nm Av/em ™ 6/107" em?
*Fs/y — *Fqjy 1048 10 0.325
1029*, 1030***, 1031 9 2.0375%,2.0,2.03", 2.5
1024 1.15
1007 15 0.345
999 13 0.285
991 7.5 0.175
983 15 0.16
968 8 0.525
959 13 0.1
941 12 0.15
914 9 0.02
’Fyjy — Fsp 1032 7 0.11
1028 13 0.075
1007 13 0.045
1001 12 0.05
980 11 0.08
968 8 0.71
959 14 0.165
9417, 940 10%, 19 0.765%,0.8,0.81""
937.5 14 0.6
929 15 0.41
914 9 0.39
Note: "data from paper [6]; ™ data from [11]; *** data from [12]; other data

were obtained from Fig. 2 in paper [5].
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Figure 6. Numerically calculated dependences of the polarisability
difference Ap on the wavelength. The dashed line in Figs 6a,b corres-
ponds to contribution of the 4f—5d transitions.

fi~‘7f—5d ~ frs_sd)»

The calculations performed yielded Ap*~*(1029 nm)=~
1.1 x 1072 cm3 (Fig. 6).

The nonresonance component of the polarisability
(related to the 4f—5d transitions) at 1029 nm can be
calculated from the value of Apég_fpds(633 nm) determined
in the experiment. We can obtain the expression:

3 ) )

for estimates from general expression (7) at the probe
frequency v, which is far away from the 4f—5d resonances,
where fp7_sq and frs_sq are the oscillator strengths; vp7_sq

fF7—F5 fFS—Sd

2
App_ps(v) ~ a2m (vz 2
F7-5d —

2
VEs—sd —V

and vps_sq are transition frequencies from the 2F7/2 and
2K /2 levels to the Sd-shell levels, respectively.

By using expression (9) (under the assumption that the
oscillator strengths of the 4f—5d transitions are equal:
knowing the transition frequency
4%~ 210nm [13], and the value of Ap—%(633
nm)=~ 2.0 x 1072 cm3, we can obtain the numerical esti-
mate: Appi 331029 nm) ~ 1.63 x 1072° cm3. Comparison of
Ap 41029 nm) and ApH33(1029 nm) shows that the
second component considerably dominates. This is also valid
for other transition frequencies near the gain line in the
Yb:YAG crystal (Fig. 6).

The ratio of the real and imaginary parts of the cubic
susceptibility ;{(3 ) at 1029 nm determined by the expression
p= Rex(3)/lm;{(3) = 8n?FAp/(nyioe) (where O, =
2.1 x 1072 cm? is the cross section of the laser transition)
can be estimated as f~ 1.0 [Ap(1029 nm) =~ 1.63 x 102°
cm?], which is almost an order of magnitude greater than for
the Nd: YAG crystal [2—4]. This should lead to stronger
manifestations of the lens caused by changes in the
population and the grating of electronic RICs in the
Yb: YAG crystal compared to Nd: YAG crystal.

5. Conclusions

Our experiments have shown that the strong RIC in
intensely pumped Yb:YAG crystals consists of the
electronic and thermal components. Electronic RICs caused
by a change in the polarisability of Yb*" ions in the
Yb:YAG disk pumped by laser pulses were an order of
magnitude greater than thermal changes. The dominant
contribution to the polarisability difference for excited and
nonexcited Yb*" ions both at the probe wavelength of
633 nm and at the gain transition wavelength of 1029 nm is
provided by the wings of strong transitions between the
electronic 4f and 5d shells (whose resonances lie in the UV
region) (Fig. 6¢). The polarisability difference for Yb**
ions at the working transition levels (2F7/2 and 2F5/2) is 2.5
times smaller than that for Nd** ions (at the 419/2 and 4F3/2
levels). However, when the atomic concentration of doping
Yb*" ions is 9 %, electronic RICs in the Yb: YAG crystal
noticeably exceed similar changes in the Nd: YAG crystal
(with the atomic concentration of doping Nd>* ions equal
to ~1%).

Electronic RICs, which are a local factor independent of
the size of the active Yb:YAG-crystal element and the
pump geometry, can considerably exceed thermal RICs in
the case of a narrow pump beam or in thin disks with a
restricted heating. The electronic components are identical
in a crystal upon pulsed or cw pumping, although the
thermal contribution can increase proportionally to the
thermal relaxation time. The temporal behaviour and spatial
peculiarities of the electronic and thermal RICs differ from
each other, therefore, lenses caused by changes in the
population levels in intensely pumped active elements
should be calculated separately. Relatively ‘strong’ refrac-
tive-index gratings (which are determined by the dominant
electronic component) cannot be neglected compared to the
gain gratings in nonlinear optical interactions in Yb: YAG
lasers and, in particular, in lasers with a resonator formed
by dynamic gratings [14].
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