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Abstract

Results of use of the laser beam deflection technique for determination of thermo-optic coefficients

(TOCs) of the Er3+—doped gadolinium-yttrium oxyorthosilicate crystal (Er3+:(GdY)ZSiO5 — Er:GYSO) are
presented. A 0.1 at.% Er-doped gadolinium-yttrium oxyorthosilicate crystal was grown by the Czochralski
method under nitrogen atmosphere. Raw materials such as Er,05, Gd,0;, Y,05, and SiO, were weighed ac-
cording to the formula (Er ,;Gd} 3995 Y 0995)25105. Optical properties of the biaxial Er:GYSO crystal are
described within the frame of the optical indicatrix with orthogonal principal axes N, N,,, and N,. To char-
acterize the anisotropy of the TOCs a sample from the grown Er:GYSO crystal was prepared in a shape of
a rectangular parallelepiped with dimensions of 7.0 (N,)*8.0 (V,,)x8.5 (V,) mm’. Each face of the sample
is perpendicular to one of the optical indicatrix axes N,, N,, and N,. For determination of the TOCs the laser
beam deflection technique for a material with a linear temperature gradient is used. Measurements are per-
formed at the wavelength of 632.8 nm. The thermal coefficient of the optical path (TCOP) for the Er:GYSO
crystal measured at the wavelength of 632.8 nm at different light polarization E and propagation direction
k were obtained. The TCOP values are positive for all directions of the light propagation k// N,, N,,, N,.
This means that the sign of the thermal lens which is directly related to the TCOP value will also be posi-
tive, and the positive thermal lens is then expected for N,- N,-, and N,-cut Er:GYSO. Applying an analysis
of the thermal lensing the dn/dT value for Yb:GYSO is estimated to be 6.5x10° K.

Keywords: beam deflection technique, thermo-optic coefficient, Er’*ions, Gadolinium-Yttrium
Oxyortosilicate crystal, thermal lens
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IIpuMeHeHre MeTO1a OTKJIOHEHHUS JIA3EPHOI0 NMy4YKa
JJIS OTpeeIeHUs TEPMOONITHYECKUX KO3 (PUIIUEHTOB
B KPUCTAJLJIE TAA0JUHUN-UTTPUEBOI0 OPTOCUJIUKATA,
JIETHPOBAHHOI0 HOHAMM pOus
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B crarbe mpencraBieHbl pe3yibTaThl MCIONB30BAHMS METO/A OTKIOHEHMs JIa3epHOro IMydKa Jis
ompeJiesieHHsI BEIHMYMH TepMoonTtuieckux kodpduuuentoB (TOK) B kpucramie rajoluHHA-UTTPUEBOTO
OPTOCHIIHKATA, JIETMPOBAHHOTO HOHAaMU 3pOust Er'™ (Er3+:(GdY)ZSiO5 — Er:GYSO). Kpucrann Er:GYSO,
JISTUPOBaHHBIN MOHamMu 3pous B konuuectBe 0,1 at.%, BhIpaiieH meronoMm Yoxpaibckoro B armocdepe
azora. Illuxra coctosna u3 okcuaoB Er,05, Gd,05, Y,0; u SiO, B mponopuuu, COOTBETCTBYIOLIEH GopmyIte
(Er)001Gdg 8995 Y 0.0995)25105.  OnTuueckue cpoiictBa kpucrtaiuia Er:GYSO onuchiBaloTCs Ha OCHOBE
ONTHYCCKOH MHINKATPHUCHI C TPEMsi OPTOrOHANBHBIMHU [ABHBIMU O0CIMU N, N, 1 N,,. st XapaKkrepu3aiuu
TOK ucnonb3oBaiicst obpazen kpuctaiuia Er:GYSO B hopme npsMOyroibHOTO Napaiieenureia pa3MmepoM
7,0 (NV,)*8,0 (N,,)*8,5 (N,) MM°. I'pann o0pasia MepreHIHKy/SPHBI OCSAM ONTHYECKON HHIMKATPHCHI
N,, N,, n N,. MeTozx OTKIOHEHHs Ja3ePHOrO My4YKa B Pe3ysIbTaTe PACHPOCTPAHCHUS YEPEe3 UCCIICIyCMblid
MaTepual, B KOTOPOM CO3/aH JIMHEHHBIN I'paJueHT TeMIIepaTyphl, HcIoyb30BaH st onpenenenus TOK.
W3mepenust mpoBeneHbl Ha AJTMHE BOJTHBI 632,8 HM. YCTaHOBIEHBI TakkKe TepMHuUecKhe Kod(duumeHTs
ontuueckoro mytu (TKOII) mns kpucramma Er:GYSO wa jgmuHe BomHBI 632,8 HM JUIsl pa3iMYHBIX
nonsipusanuii ceeta E u BomHoBoro Bektopa k. Bemmunnbl TKOII sBRSIOTCS MOTOKUTEIBHBIMU TSI BCEX
HanpasleHuii pacnpocrpanenus csera k//N,, N,, N,. DT0 03Ha4aeT, 4TO 3HAK TEPMHUYECKON JIHMH3bI,
KOTOpasi HerocpeAcTBeHHO cBsi3ana ¢ BesmunHoi TKOIL, Oyer Takxe MoJI0KUTEIBHBIM U, CIIE0BATEIIBHO,
MOJIOXKUTENIbHASL TepMHUUecKas juH3a OyneT Habmronatbes B kpuctamie Er:GYSO, Belpe3aHHOM BHOJb
Hanpasienuii N,, N, u N,. 3 anannsa sHaueHuii TepMudeckoi nuu3bl Benuuuna dn/d7 B kpucraie
Yb:GYSO ormenena kak 6,5x10 ° K,

- +
K/ll0ueBble CJI0BA: METOJ OTKJIOHEHHS J1a3ePHOTO Iy4Ka, TEPMOONTHUCCKHi K03(huImeHT, nons Er'’,
KPUCTAJUI FaJIOTMHUM-UTTPUEBOTO OPTOCUIIMKATA, TEPMHUUECKAS! JINH3A
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Introduction

Yttrium and gadolinium oxyorthosilicates
[Y,SiO5 (YSO) and Gd,SiO5 (GSO)] are used as
laser crystal hosts for doping with trivalent lasing
rare-earth ions (RE*") such as Dy3+ [1], Nd*" [2, 3],
Yb¥* [4-11], Er [12,13], Tm®" [14-16]. Three
level dopants in the YSO and GSO crystals have a
large ground state Stark splitting (the overall crystal
field splitting of a ground multiplet is 922 cm™ for
Dy*":GSO [1], 472 cm™ for Nd*":YSO [2], 985 cm™
for Yb>":YSO [5], 1076 cm™ for Yb*":GSO [5],
1000 cm™ for Tm**:YSO [14]) which is higher than
in other RE**-doped laser crystals. The high-energy
components of the Stark level splitting cause the
thermal population of the upper laser level to be low,
and the laser system approaches the operating state
of a four-level laser system. As a result, the lasing
threshold is significantly reduced, and the emission
cross section has a wide band, which is essential for
producing a broad tuning wavelength range as well
as ultrashort pulses of femtosecond duration. A con-
tinuous tunability from 1009 to 1112 nm and from
1025 to 1091 nm has been realized for continuous-
wave Yb*":GSO [9] and Yb>":YSO [10] lasers, re-
spectively. Passively mode-locked laser pulses as
short as 122 fs and 343 fs have been demonstrated
with Yb*":YSO [17] and Yb*":GSO [18] crystals, re-
spectively, using a semiconductor saturable absorp-
tion mirror (SESAM).

The crystalline structure of the GSO and YSO
is monoclinic being optically biaxial crystals, but the
space group depends on their atomic constituents.
The GSO having large Gd** ionic radius (0.94 A)
crystallizes in the monoclinic P21/c space group [19].
This crystalline structure is characterized by perfect
splitting of the crystal along the (100) plane, which
makes it difficult for mechanical crystal processing.
The YSO with a small Y** ionic radius (0.9 A) crys-
tallizes in the monoclinic C2/c space group [19]. This
crystalline structure is less prone to cleavage, there is
no clearly visible cleavage plane. Yb:GSO possesses
a larger thermal conductivity of 4.9 Wm™ K! than
that of Yb:YSO (4.4 Wm™ K' [20]) which reduces
the thermal load during the laser operation. Further-
more, Yb:GSO has higher ground state Stark split-
ting 1076 cm™ than that of Yb:YSO (985 cm™) [5],
but suffers from problems with cleavage. Mixed
(Gd,,Y,),S105 (GYSO) crystals have been intro-
duced to eliminate cleavage of the GSO and to
combine the benefits of the ground state splitting of

the GSO with good mechanical properties of YSO
(Nd*":GYSO [21-24], Yb*":GYSO [25-29]). A con-
tinuous tunability from 1004 to 1110 nm has been re-
alized for a continuous-wave Yb>":GYSO laser [28].
A passively mode-locked Nd*":GYSO laser has been
demonstrated using a SESAM with the pulse width
of 5 ps [24]. Using Yb:GY SO crystals, mode-locked
laser pulses as short as 55 fs have been demonstrated
by Kerr-Lens mode-locking [28] and 210 fs pulses
using a SESAM [27]. However, anisotropy of ther-
mo-optic coefficients of the GYSO gadolinium-yttri-
um oxyorthosilicates (optically biaxial) crystals has
not been studied in detail to date. These parameters
are important for application of these crystals as laser
crystal hosts.

In the present work, we report on the measure-
ments of the thermal coefficients of the optical path
(TCOP) and characterizations of anisotropy of ther-
mo-optic coefficients (TOCs, dn/dT) of the gadolini-
um-yttrium oxyorthosilicate crystal doped with Er*"
ions.

Experimental

A 0.1 at.% Er-doped gadolinium-yttrium oxy-
orthosilicate crystal (Er:GYSO) was grown by the
Czochralski method using iridium crucibles under
nitrogen atmosphere. Raw materials such as Er,0O;,
Gd,0;, Y,0;, and SiO, were weighed according to
the formula (Er;,;Gd)g995Y(0995)25105. Thus, in
the crystal under study, approximately 10 % of Gd*"
ions are replaced by Y*" ions. The pulling speed was
1.5-2 mm/h and the speed of rotation was 20 rpm.
The growth direction was [100]. The Er:GYSO boule
was up to 55 mm in length and 19-24 mm in diame-
ter (Figure 1). The crystal structure was analyzed by
X-ray diffraction (XRD). The results reveal the as-
grown Er:GYSO crystal has a primitive monoclinic
structure with a space group of P21/c. This agrees
with the fact that the space group P21/c in the GSO
matrix retains at 20 % substitution of Gd*" ions by
Y** ions [19].

Optical properties of the biaxial Er:GYSO crys-
tal are described within the frame of the optical in-
dicatrix with orthogonal principal axes N,, N,,, and
N,, which are located in such a way that between
the values of the corresponding principal indices of
refraction (for the polarizations E//N,, E/N,,, and
E//N,, respectively) the relation n,<n,<n, is ful-
filled [30]. Like the three principal refractive indices,
the Er:GYSO crystal should be characterized by the
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three principal TOCs, namely, dn,/dT, dn,,/dT and
dn,/dT. It should be noted that there is no predeter-
mined relationship for dn,/d7, dn,/dT and dn,/dT
(as opposed to n,, n,,, and n,). For crystals belong-
ing to the space group P21/c, the principal axis N,
coincides with the crystallographic axis b (= N,,), the
other two principal axes NV, and N, lie in the perpen-
dicular plane [6].

Figure 1 — The as-grown 0.1 at.% Er:GYSO crystal

To characterize the anisotropy of the TOCs, a
sample from the grown Er:GYSO crystal is prepared
in a shape of a rectangular parallelepiped with di-
mensions of 7.0 (N,)x8.0 (N,,) 8.5 (N,) mm’. Each
face of the sample was perpendicular to one of the
optical indicatrix axes Np, N,, and Ng. All six sur-
faces of the Er:GY SO sample are polished to a laser
grade quality. The orientation of the sample was ac-
complished firstly identifying the b axis of the crys-
tal by X-raying the crystal sample in a backscattered
Laue geometry, with a precision of 0.2°. Preparation
of the sample with faces normal to the b direction
then allowed the remaining two principal axes to be
found by identifying extinction directions (with a
precision of 0.4°) when the sample was viewed in
the b direction between crossed polarizers [31].

For determination of the TOCs, the laser beam
deflection technique for a material with a linear tem-
perature gradient is used [32]. This method is based
on the registration of a deflection angle 6 of the laser
beam passing through the sample in the shape of a
rectangular parallelepiped with creation of a linear
temperature gradient in it. The laser beam is linear-
ly polarized and has a flat wave front, and the lin-
ear temperature gradient is orthogonal to the beam
propagation direction. A thermally induced stress in
the sample which can modify a refractive index is
avoided under a linear thermal gradient. In this way,
by measuring the angle 8 and the temperature gra-
dient, it is possible to obtain the thermal coefficient
of the optical path (TCOP), W=dn/dT + (n—1)a,

where a is a linear thermal expansion coefficient in
the direction of light propagation k, n and dn/dT are
a refractive index and a thermo optic coefficient for
the corresponding light wavelength A and polariza-
tion E. Then, using the refractive index for the corre-
sponding wavelength and light polarization, and the
linear thermal expansion coefficient one can derive
the thermo optic coefficient as dn/dT'= W — (n—1)a.
Similarly, one can find the corresponding linear ther-
mal expansion coefficient as a = (W —dn/dT)/(n—1)
using the known values of 7 and dn/dT. The experi-
mental setup and the measurement procedure can be
found elsewhere [33].

The measurements are performed at the wave-
length of 632.8 nm by means of a continuous-wave
He-Ne laser. A telescopic system and a diaphragm
were used to reduce the divergence of the laser beam.
A diameter and a divergence of laser beams were
~2mm (FWHM) and =1 mrad, respectively. The
linear polarization of the beam was provided by a
Glan-Taylor prism. The linear temperature gradient
in the sample was =4 °C/mm. The actual tempera-
ture of hot and cold surfaces of the crystal sample
was measured with a precision of 0.1 K.

The error in determining the TCOP is mainly
due to the error A@ in determining the deflection
angle 0 of the laser beam. To reduce the error A9, a
beam profiler with a high spatial resolution (=20 pm)
was used to record the laser beam displacement, and
the distance from the sample to the beam profiler
was increased to =5 m. As a result, the uncertainty
in the TCOP determination is ~(0.3-0.4)x 10° K",
When determining the drn/dT (or a) coefficient, an
additional error arises which is associated with the
error in determining the o (or dn/dT) value, and the
accuracy of the dn/dT (or o) measurements increases
to ~(0.6-0.9)x 10° K"

As usual, the refractive indices were measured
by the minimum deviation technique. The sample
under study is in the form of a triangular prism in
which a homogeneous temperature distribution is
maintained. The refraction indices can be calculat-
ed by measuring the minimum deviation angle (the
angle between the emergent beam and an undeviated
beam) and the prism angle. If the studied material is
isotropic, thermal expansion under uniform heating
does not cause the change of the prism shape (prism
apex angle) but changes only the prism dimensions.
However, for anisotropic materials, the values of ex-
pansion coefficients are strongly dependent on the
direction. This causes the prism apex angle to be
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now temperature-dependent ones. Thus, for correct
refractive index measurements, the change of the
prism apex angle caused by anisotropic thermal ex-
pansion effect under uniform heating should be taken
into account. In [34], expressions describing the de-
pendence of the prism apex angle on temperature for
different orientations of the prisms with respect to
the optical indicatrix axes were obtained. It is pos-
sible to obtain the change of the prism apex angle if
the corresponding thermal expansion coefficients are
previously known. This approach taking into account
the change of the prism apex angle caused by the
anisotropic thermal expansion effect under uniform
heating (in contrast to the conventional minimum de-
viation method which does not take this change into
account) was called the modified minimum deviation
method [34].

To determine the TOCs the interferometric tech-
nique has been also used. According to this tech-
nique, the expression used to calculate dn/dT also
includes the corresponding values of refractive index
and the linear thermal expansions (together with the
directly measured change in fringe number over the
change in temperature).

To give you an example, previously results of
dn/dT for KGd(WO,), obtained by the interfero-
metric technique (dnp/dT= -15.0, dn,,/dT=-10.0,
dn,/dT=-16.0 (10°K™") [35]) are perfectly corre-
spond to data obtained by the deflection technique
(dn,/dT=-144, dn,/dT=-9.7, dn,/dT=-15.7 (10°K™)
[36]), and show accordance with the results ob-
tained by modified minimum deviation method
(dn,/dT=-10.6, dn,,/dT=-8.4, dn/dT=-152 (10°K™)
[34]), and are significantly different from the data ob-
tained using the minimum deviation method (TOCs
are different-signed: dnp/dT= -1.10, dn,/dT=+6.5,
dn,/dT=-18.2 (10°K™) [37)).

Thus, in the case of anisotropic crystals, the use
of the interferometric technique, minimum deviation
method, and deflection technique does not allow to
measure TOCs directly (in contrast to the conven-
tional minimum deviation method for isotropic me-
dia). It is necessary to calculate TOCs by appropri-
ate formulas using the previously known refractive
index and the expansion coefficients.

The advantage of the modified minimum devia-
tion method (compared with the interferometric and
beam deflection methods) is the possibility to com-
bine the measurements of the refractive indices with
TOCs. The drawbacks of the modified minimum de-
viation method are the complicated sample geometry

(a prism) and high requirements to the homogeneity
of the sample heating. The modified minimum devia-
tion method and deflection technique are experimen-
tally simpler compared to the interferometric tech-
nique, since the interferometric approach requires
a much more complex experimental setup, and the
interferometer-based setups are very sensitive to ex-
ternal influences and sample heterogeneities. The ad-
vantage of the deflection technique (compared with
the interferometric and modified minimum deviation
method) is a simpler and more reliable experimental
setup, simpler sample geometry.

Results and discussion

The TCOP for the Er:GY SO crystal measured at
the wavelength of 632.8 nm at different light polar-
ization E and propagation direction k are presented
in Table and Figure 2. All TCOP are positive. The
values of W show polarization anisotropy in their ab-
solute values which is most evident for the N, -cut
and N,-cut crystals.

TCOP . E/Np

/F\ A  E//Nm
s

e E//Ng

—
[}

N
Y

dn/dT
@

-
T

TCOP, dn/dT (10° K™

Foo @

k//Np k//Nm  k//Ng
Figure 2 — Thermal coefficients of optical path (TOCP)
and thermo optic coefficients (dn/dT’) of Er:GYSO crystal
for light polarizations £//N,, N,, and N,

To extract the dn/dT values from the TCOP, the
formula dn;/dT = W;—(n~1)0; should be used where
i=p,m,g1is a light polarization index, j = p, m, g is
an index of the light propagation direction k (i #)).
Therefore, literature data are needed on the refrac-
tive indices n,,, n,, and n, and the linear thermal ex-
pansion coefficients a,, o,, and a,. At present, the
values of n and a of Er:GYSO studied in this work
are still unknown. We therefore used the refractive
indices and the linear thermal expansion coefficient
reported for GSO, namely n, =1.871, n,, = 1.884,
n,=1.910 at the wavelength of 632.8 nm [38],
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a,=12.8x10"° K™ at the temperature of 100 °C [39].
It can be assumed that the n- and a-values do not
change significantly when 10 % of Gd*" ions in GSO
are replaced by Y*ions, without changing the crystal
structure. It may be also suggested that the refrac-
tive indices of the GY SO do not change significantly

with Er doping because it is very small (only 0.001
part of the Gd and Y ions is replaced by the Er ones).
For example, the refractive index contrast between
double tungstates laser crystals doped with 1 at.% Er
or Tm ions and the undoped ones is of the order of
107 [40, 41].

Table

Thermal coefficients of optical path (TCOP, 10°K™), thermo optic coefficients (dn/dT, 10°K™), and linear ther-
mal expansion coefficients (a, 10° K™") of Er:GYSO for different light polarization E and propagation direction &

TCOP dn/dT
k// a,, 0,
E/IN, E//N, E//'N, EJ//N, E//N, E//'N,
N, - 13.4+£0.4 15.3+0.4 - 2.1+£0.6 3.6+0.6
N, 8.6+0.4 - 6.5+0.3 5.8+0.9 - 3.2+0.8
Ng 11.3+£0.4 8.1£04 - 5.4+0.9 - 6.8+£0.8
Using the measured W,, and W,, the val- the fact that the contribution of the (dn/dT),, term is

ues of dn, /dT and dn,/dT are determrned to be
(2.1£0. 6)X10 K and (3 6+0.6)x10° K ™!, respec-
tively. These values of dn,,/dT and dn,/dT in com-
bination with the measured W, and W enable to
find @, = (6.8+0. 8)x10° K" and a,, —(3 2i0 8)><10 SR
And ﬁnally, the obtained o, and a,-values with
the values of W, and W, make it possible to
evaluate dn, /dT (5 6+0. 9)XlO SK! as an aver-
age over the Values of (5.4£0.9)x10° K (k/INy)
and (5.8+0.9)x10° K" (k//N,,) for two directions of
the light propagation k. The results on the obtained
dn,/dT, dn,/dT, dn,/dT, a,, and a, are collected in
Table 1 and Figure 2. Applying an analysis of the
thermal lensing, the dn/dT value for Yb:GYSO was
estimated as 6.5% 10° K™ [25]. However, the authors
of [25] did not provide any information on the ori-
entation, symmetry group, and stoichiometry of the
Yb:GYSO crystal under study. There is no previous
data on the dn/dT for GSO.

According to phenomenological model devel-
oped for frequencies between a fundamental lat-
tice resonance and an electronic bandgap [42], the
dn/dT value is controlled by two factors. The first
factor (dn/dT),, is the contribution from the volu-
metric thermal expansion coefficient and it is nega-
tive. The second factor (dn/d7),, is the contribution
from the change of the electronic bandgap with
temperature and it is normally positive. These two
factors compete with each other giving positive or
negative values of dn/dT. Therefore, the positive
dn/dT coefficients of the Er:GYSO crystal are due to

dominant over the (dn/d7),,, one.

The anisotropy of the TOCs is charac-
terized by dn,/dT>dn,/dT>dn,/dT.  Ther-
mal coefficients of the natural birefringence are

= |dn,,/dT — dn,/dT| = 1.5 for k//N, (N,-cut crys-
tal), Am = |dn,/dT — dn,/dT] = 2.0 for k//N (N cut
crystal), and Ag |dn,, /dT dn,/dT|=3.5 (10°K™)
for k//N, (N,-cut crystal). The values of A are relative-
ly small, the maximum variation occurs for the N,-
cut Er:GYSO. For comparison, the monoclinic YSO,
Ca,YO(BOs;),, Ca,GdO(BO;); KY(WO,), have sim-
ilar values of Ap =1.03, 1.2, 1.1, 3.5; Am=2.32, 1.3,
0.1, 2.2 and Ag=3.35, 2.5, 1.0, 5.7 (10°K™), re-
spectively [36, 38, 43].

The TCOP values are positive for all directions
of the light propagation k//N,, N,,, N,. This means
that the sign of the thermal lens, which is directly
related to the TCOP value [44], will also be posi-
tive, and the positive thermal lens is then expected
for N- N,,-, and N,-cut Er:GYSO. The differences in
the TCOP values for the same crystal cut and the or-
thogonal light polarizations (1.9, 2.1, 3.2 for p-, m-,
and g-cut crystals, respectively) are close to the cor-
responding values of the thermal coefficients of the
natural birefringence A.

The linear thermal expansion coefficients a,, and
a, for Er:GYSO obtained in this work (Table) are in
agreement w1th the values of o, =35. 6x10°K™" and

o =4 2x10° K reported for the GSO [39] (the a*
refers to direction which lies in the (ac) plane and is
perpendicular to crystallographic axis c¢).
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Conclusion

Anisotropy of the thermal coefficients of the
optical path TCOP and the thermo optic coefficients
dn/dT of the 0.1 at.% Er:GYSO crystal (having
space group of P21/c) has been studied at wave-
length of 632.8 nm by means of the laser beam de-
flection technique. The principal thermo optic coef-
ficients are obtained as dnp/dT= 5.6, dn,,/dT=2.1,
dn,/dT=3.6 (10°K™). Using the measured values
of dn/dT and TCOPs, the linear thermal expansion
coefficients of Er:GYSO for directions along optical
indicatrix axes N,, and N, are estimated to be a, = 6.8
and a,=3.2 (10°K™"). Knowledge of the thermo-
optical properties of the Er:GYSO crystal will be
useful in designing laser cavities of high-power con-
tinuous wave and mode-locked oscillators based on
this crystal as well as for GYSO doped with other
lasing rare-earth ions.

Acknowledgments

This work is partly supported by the State Re-
search Program of the Republic of Belarus (Grant
6.1.2.4).

References

1. Lisiecki R, Dominiak-Dzik G, Solarz P, Ryba-Ro-
manowski W, Berkowski M, Glowacki M. Optical spec-
tra and luminescence dynamics of the Dy-doped Gd,SiO4
single crystal. Appl. Phys. B. 2010;98:337-346.

DOI: 10.1007/s00340-009-3759-6

2.Beach R, AlbrechtC, SolarzR, Krupke W,
Comaskey B, Mitchell S, Brandle C, Berkstresser C.
A ground state depleted laser in neodymium doped yt-
trium orthosilicate. Proc. SPIE. 1990;1223:160-180.
DOI: 10.1117/12.18408

3. Borel C, Herlet N, Templier R, Calvat C, Wyon C.
Comparison of the laser performance of various neodym-
ium doped materials in a compact diode pumped cavity.
Journal de Physique. 1994;4(C4):549-552.

DOI: 10.1051/jp4:19944132

4. Gaume R, Haumesser PH, Viana B, Vivien D, Fer-
rand B, Aka G. Optical and laser properties of Yb:Y,SiO5
single crystals and discussion of the figure of merit
relevant to compare ytterbium-doped laser materials. Op-
tical Materials. 2002;19(1):81-88.

DOI: 10.1016/S0925-3467(01)00204-X

5.Yan C, Zhao G, Zhang L, Xu J, Liang X, Juan
D, LiW, PanH, DingL, ZengH. A new Yb-doped
oxyorthosilicate laser crystal: Yb:Gd,SiO;. Solid State

Commun. 2006;137(8):451-455.
DOI: 10.1016/j.5s¢.2005.12.023

6. Cabaret L, RobertJ, Lebbou K, Brenier A, Ca-
bane H. Growth, spectroscopy and lasing of the Yb-
doped monoclinic Gd,SiO5 in the prospect of hydrogen
laser cooling with Lyman-a radiation. Optical Materials.
2016;62:597-603. DOI: 10.1016/j.0ptmat.2016.11.007

7. Wang H, Hou Q, Huang JH, Gong XH, Lin YF,
Chen YJ, Luo ZD, Huang YD. Polarized spectroscop-
ic properties and continuous-wave laser operation of
Yb:Gd,SiOs crystal. Journal of Alloys and Compounds.
2016;683:554-558.
DOI: 10.1016/j.jallcom.2016.05.123

8. Li W, Pan H, Ding L, Zeng H, Lu W, Zhao G,
Yan C, Su L, Xu J. Efficient diode-pumped Yb:Gd,SiO;
laser. Appl. Phys. Lett. 2006;88:221117-3.
DOI: 10.1063/1.2206150

9.Li W, Hao Q, Zhai H, Zenga H, Lu W, Zhao G,
Yan C, Su L, XulJ. Low-threshold and continuously
tunable Yb:Gd,SiO5 laser. Appl. Phys. Lett. 2006;89:
101125-3. DOI: 10.1063/1.2349281

10. Jacquemet M, Jacquemet C, Janel N, Druon F,
Balembois F, Georges P, Petit J, Viana B, Vivien D, Fer-
rand B. Efficient laser action of Yb:LSO and Yb:YSO
oxyorthosilicates crystals under high-power diode-pump-
ing. Appl. Phys. B. 2005;80:171-176.
DOI: 10.1007/s00340-004-1698-9

11. Chénais S, Balembois F, Druon F, Lucas-
Leclin G, Georges P. Thermal lensing in diode-pumped
ytterbium lasers — part II: Evaluation of quantum efficien-
cies and thermo-optic coefficients. IEEE J. of Quantum
Electronics. 2004;40(9):1235-1243.
DOI: 10.1109/JQE.2004.833203

12. Li C, Moncorgé R, Souriau JC, Borel C, Wy-
on Ch. Room temperature cw laser action of YZSiOS:Yb3+,
Er** at 1.57 um. Optics Commun. 1994;107(1-2):61-64.
DOI: 10.1016/0030-4018(94)90103-1

13. Schweizer T, Jensen T, Heumann E, Huber G.
Spectroscopic properties and diode pumped 1.6 um laser
performance in Yb-codoped Er:Y;A1,01, and Er:Y,SiOs.
Optics Commun. 1995;118(5-6):557-561.
DOI: 10.1016/0030-4018(95)00284-F

14. Li C, Moncorgé R, Souriau JC, Wyon Ch. Effi-
cient 2.05 um room temperature Y,SiOs:Tm’" cw laser.
Optics Commun. 1993;101(5-6):356-360.
DOI: 10.1016/0030-4018(93)90729-0O

15. Thony P, Borel C, Templier R. Tm:Y,SiO; and
Tm:SrY,(SiO,4);0 microchip laser. In Laser Optics' 95:
Solid State Lasers. 1996;2772:22-27.
DOI: 10.1117/12.238116

16. Zhou Z, Xu B, Guan X, Xu H, Cai Z, XuX, Li D,
Xu J. Tm:Y,SiO; crystal: effective material for the gener-
ation of eye-safe laser sources. Journal of Selected Topics

274



Tpubopul u memoowt usmeperutl
2023.T. 14. Ne 4. C. 268-276
K.V. Yumashev et al.

Devices and Methods of Measurements
2023;14(4):268-276
K.V. Yumashev et al.

in Quantum Electronics. 2018;24(5):1-7.
DOI: 10.1109/JSTQE.2018.2805851

17. Thibault F, Pelenc D, Druon F, Zaouter Y,
Jacquemet M, Georges P. Efficient diode-pumped
Yb*":Y,Si05 and Yb*":Lu,SiO; high-power femtosecond
laser operation. Optics Letters. 2006;31(10):1555-15557.
DOI: 10.1364/0L.31.001555

18. Li W, Hao Q, Zhai H, Zeng H, Lu W, Zhao G,
Zheng L, Su L, Xu J. Diode-pumped Yb:GSO femtosec-
ond laser. Optics Express. 2007;15(5):2354-2359.

DOI: 10.1364/0E.15.002354

19. Maksimchuka V, Baumerb V, Bondara V, Gali-
cha Yu, Kurtseva D, Sidletskiy O. Mechanical properties
and lattice parameters of Lu,,Gd,(,_SiO5:Ce scintillation
crystals. Acta Phys. Pol. 2010;A117(1):146-149.

20. Zheng L, Xu J, Zhao G, Su L, Wu F, Liang X.
Bulk crystal growth and efficient diode-pumped laser per-
formance of Yb3+:SCZSiOS. Appl. Phys. B. 2008;91:443-
445. DOI: 10.1007/s00340-008-3021-7

21. Guan X, Zhou Z, Huang X, Xu B, Xu H, Cai Z,
Xu X, Li D, Xu J. Diode-end-pumped Nd**-doped oxy-
orthosilicate GYSO lasers operating on 4F3/2—4113/2
transition. Laser Physics. 2017;27(12):125806-553.

DOI: 10.1088/1555-6611/aa91be

22.Li DZ, Xu XD, Cong ZH, Zhang J, Tang DY,
Zhou DH, Xia CT, Wu F, Xu J. Growth, spectral proper-
ties, and laser demonstration of Nd:GY SO crystal. Appl.
Phys. B. 2011;104:53-58.

DOI: 10.1007/s00340-010-4302-5

23. Lin Z, Huang X, Lan J, Cui S, Wang Y, Xu B,
Luo Z, Xu H, Cai Z, Xu X, Zhang X, Wang J, Xu J. Com-
pact diode-pumped continuous-wave and passively Q-
switched Nd:GYSO laser at 1.07 um. Optics and Laser
Technology. 2016;82:82-86.

DOI: 10.1016/j.optlastec.2016.02.017

24.Feng C, Liu Z, Cong Z, Shen H, Li Y,
Wang Q, Fang J, Xu X, Xu J, Zhang X. Investiga-
tion of continuous wave and pulsed laser performance
based on Nd’":Gd, Y, ,SiOs crystal. Laser, Phys. Lett.
2015;12(12):125806-6.

DOI: 10.1088/1612-2011/12/12/125806

25. Brickeen BK, Geathers E. Laser performance of
Yb*" doped oxyorthosilicates LYSO and GYSO. Opt. Ex-
press. 2009;17(10):8461-8466.

DOI: 10.1364/0E.17.008461

26.Li W, Hao Q, Ding L, Zhao G, Zheng L, Xu J,
Zeng H. Continuous-wave and passively mode-locked
Yb:GYSO lasers pumped by diode lasers. IEEE J. Quan-
tum Electron. 2008;44(6):567-572.

DOI: 10.1109/JQE.2007.916664

27.Zhou B, Wei Z, Zhang Y, Zhong X, Teng H,
Zheng L, Su L, Xu J. Generation of 210 fs laser pulses at
1093 nm by a self-starting mode-locked Yb:GYSO laser.

Optics Letters. 2009;34(1):31-33.
DOI: 10.1364/0L.34.000031

28. Zhu J, Gao Z, Tian W, Wang J, Wang Z, Wei Z,
Zheng L, Su L, Xu J. Kerr-lens mode-locked femtosec-
ond Yb:GdYSiOjy laser directly pumped by a laser diode.
Appl. Sci. 2015;5(4):817-824.

DOI: 10.3390/app5040817

29.Du J, Liang X, Xu Y, Li R, Xu Z, Yan C,
Zhao G, Su L, Xu J. Tunable and efficient diode-pumped
Yb*":GYSO laser. Opt. Express. 2006;14(8):3333-3338.
DOI: 10.1364/0OE.14.003333

30. Nye JF. Physical Properties of Crystals. Oxford
at the Clarendon Press, 1964.

31.Beach R, Albrecht G, Solan R, Krupke W,
Comasky B, Mitchell S, Brandle C, Berkstresser G.
A ground-state depleted laser in neodynium doped yt-
trium orthosilicate. Proc. SPIE 1223, Solid State La-
sers.1990;1223:160-180. DOI: 10.1117/12.18408

32. Vatnik S, Pujol MC, Carvajal JJ, Mateos X,
Aguilo M, Diaz F, Petrov V. Thermo—optic coefficients of
monoclinic KLu(WO,),. Appl. Phys. B. 2009;95(4):653-
656. DOI: 10.1007/s00340-009-3541-9

33. Loiko PA, Yumashev KV, Kuleshov NV, Pav-
lyuk AA. Thermooptic coefficients measurements by a
laser beam deviation method for the medium with linear
thermal gradient. Devices and Methods of Measurements.
2010;1:70-77. (In Russ.).

34. Loiko PA, Filippov VV, Yumashev KV, Kule-
shov NV, Pavlyuk AA. Thermo-optic coefficients study
in KGd(WO,), and KY(WO,), by a modified minimum
deviation method. Appli Opt. 2012;51(15):2951-2957.
DOI: 10.1364/A0.51.002951

35. Biswal S, O’Connor SP, Bowman SR. Thermo-
optical parameters measured in ytterbium-doped potas-
sium gadolinium tungstate. Appl. Opt. 2005;44(15):3093-
3097. DOI: 10.1364/A0.44.003093

36. Kurilchik S,  Dernovich O,  Gorbachenya K,
Kisel V, Kolesova I, Kravtsov A, Guretsky S, Kule-
shov N. Growth, spectroscopy, and laser characterization
of EnKGd,Yb, Y, (WO,), epitaxial layers. Opt. Letters.
2017;42(21):4565-4568.

DOI: 10.1364/0L.42.004565

37. Filippov VV, Kuleshov NV, Bodnar IT. Nega-
tive thermo-optical coefficients and athermal directions in
monoclinic KGd(WO,), and KY(WO,), laser host crystals
in the visible region. Appl. Phys. B. 2007;87(4):611-614.
DOI: 10.1007/s00340-007-2666-y

38. Weber MJ. Handbook of Laser Science and
Technologies, Supplement 2: Optical Materials. CRC
Press, London, 1995.

39. Utsu T, Akiyama S. Growth and applications of
Gd,SiO4:Ce scintillators. J. Crystal Growth. 1991;109(1-
4):385-391. DOI: 10.1016/0022-0248(91)90207-L

275



Tpubopwvr u memoowl usmepeHul
2023.T. 14. Ne 4. C. 268-276
K. V. Yumashev et al.

Devices and Methods of Measurements
2023,14(4):268-276
K.V. Yumashev et al.

40. Bolaiios W, Carvajal JJ, Mateos X, Pujol MC,
Thilmann N, Pasiskevicius V, Lifante G, Aguilé M, Di-
az F. Epitaxial layers of KY |, Gd,Lu (WO,), doped with
Er’" and Tm®" for planar waveguide lasers. Opt. Materials.
2010;32(3):469-474.

DOI: 10.1016/j.0ptmat.2009.10.011

41. Tsay Y, Bendow B, Mitra SS. Theory of the Tem-
perature Derivative of the Refractive Index in Transparent
Crystals. Phys. Rev. B. 1973;8(6):2688-2696.

DOI: 10.1103/PhysRevB.8.2688

42. Loiko P, Mateos X, Wang Y, Pan Z, Yuma-
shev K, Zhang H, Griebner U, Petrov V. Thermo-optic
dispersion formulas for YCOB and GdCOB laser host

crystals. Opt. Mat. Express. 2015;5(5):1089-1097.
DOI: 10.1364/OME.5.001089

43. Loiko PA, Yumashev KV, Kuleshov NV, Rach-
kovskaya GE, Pavlyuk AA. Thermo-optic dispersion for-
mulas for monoclinic double tungstates KRe(WO,), where
Re=Gd, Y, Lu, Yb. Optical Materials. 2011;33(11):
1688-1694. DOI: 10.1016/j.optmat.2011.05.028

44, Chénais S, Balembois F, Druon F, Lucas-
Leclin G, Georges P. Thermal lensing in diode-pumped
ytterbium lasers — Part II: Evaluation of quantum efficien-
cies and thermo-optic coefficients. IEEE J. Quantum Elec-
tron. 2004;40(9):1235-1243.
DOI: 10.1109/JQE.2004.833203

276



