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is characterized by the ratio a; > a,, > a,,. With in-
creasing temperature, the value of « increases, but at
temperatures exceeding ~ 180 °C it remains practically
unchanged. The « values for each direction as a func-
tion of ytterbium content x at temperature 200 °C are
shown in Fig. 2 (b). An increase in the ytterbium con-
tent x leads to an decrease in the ¢ value which can be
can be approximated by a linear dependence
ay = (18.0 — 1.12x) 107® K7, the linear approxi-
mation gives a fairly high rate of the coefficient of
determination R? = 0.70. The difference between the
o, values for x =0 (KYW) and x = 1.0 (KYbW) is
~1.1-10% K-!, which is about four times large as the
uncertainty in the « determination (~0.3-10° K.
Along the Ny, and N, directions, doping with the Yb
ions (increasing of x) does not results in change in the
values of am and ¢ (within the experimental error).
The linear fitting of this dependences gives low val-
ues of R? (0.032 and 0.24, respectively). Moreover,
the difference between the LTECs values for x = 0
and x = 1.0 (~0.2:10°° K'") is less than the LTEC
measurement error (~0.3-10¢ K.
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THERMO-OPTIC COEFFICIENTS OF MONOCLINIC Er*:(GdY):SiOs CRYSTAL
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Abstract. Thermo-optic coefficients of the Er**-doped gadolinium-yttrium oxyorthosilicate crystal Er**:GdYSO
are determined at a wavelength of 632.8 nm for light polarizations £ // N, N and N,. Linear thermal expansion
coefficients are estimated for this crystal in the directions of the optical indicatrix axes Ny and N,.

Key words: monoclinic crystal, thermo-optic coefficient, (GdY),SiOs crystal, thermal coefficients of the optical path.

TEPMOOIITHYECKHUE KOOOOPUIIUEHTHBI MOHOKJIMHHOI'O KPUCTAJLJIA Er3+:(GdY)QSi05
IOmames K.B.!, Manspesna A.M.!, I'epuosa A.B.!, F'oman B.1.2, IaBaosckmii JI.K.?

HUL] onmuueckux mamepuanos u mexuono2uii BHTY
2Uncmumym noevluenus Keamupurayuy u nepenod2omoeKi Kadpos no HO8bIM HANPAEIEHUAM PA3EUMUA
MexXHUKU, MmexHoso2uu U 3KoHomuxu benopycckaozo nayuonanbHo2o mexuuiecko2o yHugepcumema
Mumnck, Pecnybnuxa Benapyce

AnHoTamus. OnpeneneHsl TePMOONTHYECKHE KOA(D(OUIMEHTHl KPHCTAIa OKCHOPTOCHIIMKATA TaJONUHHUS-UT-
Tpust, neruposannoro nonamu Er’* (Er**:GdY SO, na nnmne Bonust 632,8 uM au1s nossipusanuii ceeta E // Np, Ny,
U Ng. IIpousBeneHa oueHka TepMUUSCKUX KOI(DHIMEHTOB JMHEHHOTO PACIIMPEHUs JaHHOTO KpHCTalia B
HaIIPABJICHUSX OCEU ONTUYECKOU MHAUKATPUCHI Niy U No.

KaioueBble cjioBa: MOHOKIIMHHBIN KpUCTaILI, TepMoonTHYeCKHH Koaduuuent, kpuctami (GdY),SiOs, Tepmu-
yecKuid K03 (QUIUEHT ONITHYECKOTO MyTH.
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Yttrium and gadolinium  oxyorthosilicates the GSO with good mechanical properties of YSO

[Y2SiOs (YSO) and Gd,Si0s (GSO)] are used as laser
crystal hosts for doping with trivalent lasing rare-
earth ions such as Dy*', Nd**, Yb*', Er’*, Tm*"
Mixed (Gdi+Y+)>Si05 (GY SO) crystals have been in-
troduced to eliminate cleavage of the GSO and to
combine the benefits of the ground state splitting of

(Nd*":GYSO, Yb*":GYSO). A continuous tenability
from 1004 to 1110 nm has been realized for a contin-
uous-wave Yb*":GYSO laser. A passively mode-
locked Nd*:GYSO laser has been demonstrated us-
ing a SESAM with the pulse width of as short as 5 ps.
Using Yb:GYSO crystals, mode-locked laser pulses
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as short as 55 fs have been demonstrated by Kerr-
Lens mode-locking and 210 fs pulses using a
SESAM. However, anisotropy of thermo-optic coef-
ficients of the GYSO gadolinium-yttrium oxyortho-
silicates (optically biaxial) crystals has not been stud-
ied 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 measurements
of the thermal coefficients of the optical path (TCOP)
and characterizations of anisotropy of thermo-optic
coefficients (TOCs, dn/dT) of the gadolinium-yttrium
oxyorthosilicate crystal doped with Er’* ions.

A 0.1 at.% Er-doped gadolinium-yttrium oxyortho-
silicate crystal (Er:GYSO) was grown by the Czochral-
ski method. Raw materials such as Er,Os;, Gd,Os,
Y03, and SiO, were weighed according to the formula
(El‘o‘oo1Gd0,8995Yo'0995)zsi05. Thus, in the crystal under
study, approximately 10 % of Gd*" ions are replaced
by Y*" ions. The growth direction was [100]. The crys-
tal structure was analyzed by X-ray diffraction (XRD).
The results reveal the as-grown Er:GY SO crystal has a
primitive monoclinic structure with a space group of
P2i/c. This agrees with the fact that the space group
P2,/c in the GSO matrix retains at 20 % substitution of
Gd*" ions by Y*" ions [1].

Optical properties of the biaxial crystals are de-
scribed within the frame of the optical indicatrix with
orthogonal principal axes N,, Nm, and N,. Like the
three principal refractive indices, the Er:GYSO crys-
tal should be characterized by the three principal
TOCs, namely, dny/dT, dnm/dT and dn,/dT. For crys-
tals belonging to the space group P2,/c, the principal
axis NV, coincides with the crystallographic axis b (=
N;), the other two principal axes Ny, and N, lie in the
perpendicular plane [2].

To characterize the anisotropy of the TOCs, a sam-
ple from the grown Er:GYSO crystal is prepared in a
shape of a rectangular parallelepiped with dimensions
of 7.0 (NV,)-8.0 (Nm)x8.5 (Ny) mm>. Each face of the
sample was perpendicular to one of the optical indica-
trix axes Ny, Nm and Ng. The orientation of the sample
was accomplished firstly identifying the b axis of the
crystal by X-raying the crystal sample in a backscat-
tered Laue geometry, with a precision of 0.2°. Prepara-
tion 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 pre-
cision of 0.4°) when the sample was viewed in the b
direction between crossed polarizers [3].

For determination of the TOCs, the laser beam de-
flection technique for a material with a linear temper-
ature gradient is used [4]. The measurements are per-
formed at the wavelength of 632.8 nm by means of a
continuous-wave He-Ne laser. The uncertainty in the
TCOP determination is ~(0.3-0.4)-10° K-!. When de-
termining the dn/dT (or @) coefficient, an additional
error arises which is associated with the error in de-
termining the & (or dn/dT) value, and the accuracy of
the dn/dT (or @) measurements increases to
~(0.6-0.9)-10° K.
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The TCOP for the Er:GYSO crystal measured at
different light polarization £ and propagation direc-
tion k are presented in Fig. 1. All TCOP are positive.
The values of the TCOP (W) show polarization ani-
sotropy in their absolute values which is most evident
for the Ny-cut and N,-cut crystals.

To extract the dn/dT values from the TCOP, the
formula dn;/dT = Wj;— (n;— 1) ¢; should be used where
i=p, m, g is a light polarization index, j = p, m, g is
an index of the light propagation direction k (i # j).
Therefore, literature data are needed on the refractive
indices np, nm and ng and the linear thermal expansion
coefficients o, o and . At present, the values of n
and « of Er:GYSO studied in this work are still un-
known. We therefore used the refractive indices and
the linear thermal expansion coefficient reported for
GSO, namely n,=1.871, ny, = 1.884, ny = 1.910 at the
wavelength of 632.8 nm [34], &, = 12.8-10° K-! at the
temperature of 100 °C [5]. 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 refractive indices of the GYSO 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).
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Figure 1 — Thermal coefficients of optical path (TOCP)
and thermo optic coefficients (dn/dT) of Er:GYSO crystal
for light polarizations E//Ny, Nm and Ng

Using the measured Wy, and W, the values of
dnn/dT  and dng/dT are determined to be
(2.1 £ 0.6)10° K-! and (3.6 + 0.6)10° K*!, respec-
tively. These values of dny/dT and dng/dT in combi-
nation with the measured Wng and Wy, enable to find
= (6.8 £0.8)10° K ! and am= (3.2 £ 0.8)10° K.
The obtained - and an-values with the values of
Wpe and W,n make it possible to evaluate
dn,/dT=(5.61+0.9)10° K as an average over the values
of (54 £ 0.9)10° K (k//Ny) and (5.8 £ 0.9)10° K!
(k//Nm) for two directions of the light propagation £.
The results on the obtained dny/dT, dnw/d7, dng/dT,
om and o are shown in Fig. 1.

According to phenomenological model deve-
loped for frequencies between a fundamental lattice
resonance and an electronic bandgap, the dn/dT
value is controlled by two factors. The first factor
(dn/dT ) is the contribution from the volumetric ther-
mal expansion coefficient and it is negative. The sec-
ond factor (dn/dT)y, is the contribution from the
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change of the electronic bandgap with temperature
and it is normally positive. These two factors compete
with each other giving positive or negative va
lues of dn/dT. Therefore, the positive dn/dT coeffi-
cients of the Er:GY SO crystal are due to the fact that
the contribution of the (dn/dT)y, term is dominant
over the (dn/dT ). one.

The anisotropy of the TOCs is characterized by
dny/dT> dng/dT > dn/dT. Thermal coefficients of the
natural birefringence are Ap = |dnn/d7T — dng/d7] = 1.5
for k//N, (Ny-cut crystal), An = |dn,/dT — dng/dT] = 2.0
for k//Nm (Nm-cut crystal), and Ag = |dnp/dT — dnn/dT1=
=3.5 (108 K™) for k/N, (Ng-cut crystal). The values
of A are relatively small, the maximum variation oc-
curs for the Ng-cut Er:GYSO. For comparison, the
monoclinic YSO, CasYO(BOs);, CasGdO(BOs);
KY(WO,); have similar values of Ap=1.03, 1.2, 1.1,
3.5An=2.32,1.3,0.1,2.2and A, =3.35,2.5,1.0,5.7
(1078 K™), respectively [34, 39, 40].

The TCOP values are positive for all directions of
the light propagation k // Ny, Nim, Ns. This means that
the sign of the thermal lens, which is directly related to
the TCOP value, will also be positive, and the positive

VIIK 621.373.826

thermal lens is then expected for N,- N, and N,-cut
Er:GYSO. The differences in the TCOP values for the
same crystal cutting and the orthogonal light polariza-
tions (1.9, 2.1, 3.2 for p-, m-, and g-cut crystals, respec-
tively) are close to the corresponding values of the ther-
mal coefficients of the natural birefringence A.

References

1. Mechanical properties and lattice parameters of
Lu2xGd21-%SiOs:Ce cintillation crystals / V. Maksimchuka
[et al.] / Acta Phys. Pol. A. — 2010. — Vol. 117 (1). —
P. 146-149.

2. Growth, spectroscopy and lasing of the Yb-doped
monoclinic Gd2SiOs in the prospect of hydrogen laser cool-
ing with Lyman-a radiation / L. Cabaret [et al.] // Optical
Materials. —2016. — Vol. 62. — P. 597-603.

3. A ground-state depleted laser in neodynium doped
yttrium orthosilicate / R. Beach [et al.] // in Proc. SPIE. —
1990. — Vol. 1223. P. 160-180.

4. Thermo—optic ~ coefficients  of  monoclinic
KLu(WOs4)2/ S. Vatnik [et al.] / Appl. Phys. B. —2009. —
Vol. 95 (4). — P. 653-656.

5. Utsu, T. Growth and applications of Gd2SiOs:Ce
scintillators / T. Utsu, S. Akiyama // J. Crystal Growth. —
1991. - Vol. 109. — P. 385-391.

HNUCCIEIOBAHHUE KOPPEMHI/IOHHLIXVCBH3EI7I IIPU 3AJAHUU TEXHOJIOI'MYECKHUX
PEXHUMOB JIASEPHOU OBPABOTKHN MATEPHUAJIOB
AuekceeB B.A.l, Ycoabsuesa A.B.!, Ycoannes B.IL.!, IOpan C.1.?

1] Moicescruii 2ocyoapemeennbiii mexuuveckuii ynusepcumem umenu M.T. Kanawnuxosa
?Uoicescras 20cy0apcmeeHnas cenbCKOX03AUCMBERHAA AKA0eMUs.
Hbicesck, Poccutickas @edepayus

AnHoTamms. /751 060CHOBaHHOTO BEIOOPa PEKIMOB JIa3epHOI 00pabOTKH MaTEpPHUAIOB MIPOBEICHEI HCCIICTOBAHUS
HapaMeTpoB NPOGHIIS IOBEPXHOCTH MaTepHalla B 3aBUCHMOCTH OT MOIITHOCTH JIa3epHOro m3ny4deHus. Mccnenosanns
MIOKa3aJIH, YTO 3a[JaHKE U YIIPABICHHUE PSKUMaMU JIa3ePHOI 00pabOTKH MaTepHalIoB HEOOXOIUMO IPOM3BOIUTE HA
OCHOBaHUH U3MEPEHHBIX B PEalbHOM MaclITade BpeMeHH (PM3MKO-MEXaHWYECKUX XapaKTePUCTHUK MaTepuajioB B
YCJIO0BUAX ﬂeﬁCTBHH MOMEX U HECOJJHO3HAYHOCTH CYHIECCTBYIOINX MOﬂeﬂeﬁ JUHAMHUKH MCXaHHYCCKHUX BOS}IeﬁCTBMﬁ.
[NockonbKy TeXHONOTHs J1a3epHOH 00pabOTKH MaTepHalloB HOCHT BEPOSTHOCTHO-BPEMEHHOW XapakTep, IIPH ee pa3-
paboTKe ClielyeT yYUTBhIBaTh KOPPEALHOHHBIE CBS3M MEXIY COCTOSHHEM MOBEPXHOCTH (IIEPOXOBATOCTH, TBEP-
JIOCTB U JIP.), ¥ YCIOBHAMH (PEKUMaM1) OPMHUPOBAHUS TOBEPXHOCTH (MOILIHOCTD JIA3€PHOT0 U3JTY4EHHUS], CKOPOCTh
TIePEMEILICHHS JIa3ePHOT0 JTy4a, YacTOTa UMITYJILCOB, IUAMETP CPOKYCHPOBAHHOTO JIA3ePHOTO JIyda H JIp.
KunroueBble cioBa: MUKpOHEPOBHOCTH, KOA(DGHIMEHT KOPPEISLIN, MOLIIHOCTB JIa3epa, COCTOSHHE OBEPXHOCTH.

INVESTIGATION OF CORRELATIONS WHEN SETTING TECHNOLOGICAL MODES OF LASER
PROCESSING OF MATERIALS
Alekseev V.!, Usoltseva A.l, Usoltsev V.!, Yuran S.?

!Izhevsk State Technical University named after M.T. Kalashnikov
2Izhevsk State Agricultural Academy
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Abstract. To make a reasonable choice of the modes of laser processing of materials, studies of the parameters of the
surface profile of the material depending on the power of laser radiation were carried out. Studies have shown that
the assignment and control of laser processing modes of materials must be carried out on the basis of the physical and
mechanical characteristics of materials measured in real time under conditions of interference and the ambiguity of
existing models of the dynamics of mechanical influences. Since the technology of laser processing of materials is of
a probabilistic-temporal nature, its development should take into account correlations between the state of the surface
(roughness, hardness, etc.), and the conditions (modes) of surface formation (laser radiation power, speed of move-
ment of the laser beam, pulse frequency, diameter of the focused laser beam, etc.

Key words: micro-dimensions, correlation coefficient, laser power, surface state.
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