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Table 1 Composition of the glass samples (normalized)

2 BRSO TER

Table 2 Properties of the glass samples

Mole fraction /%

Li,O0 Na,0 KO P,0. MgO ALO, R0, Nd,0,

BL 0 0 23.76 59.41 891 4.95 199 0.99
PL1 194 O 23.30 58.25 8.74 485 195 0.97
PL2 3.81 0 2286 57.14 857 476 191 0.95
PL3 5.61 0 2243 56.07 841 4.67 188 0.93
PL4 7.34 0  22.02 55.05 8.26 4.59 1.82 0.92

PN1 0 1.94 23.30 58.25 8.74 485 195 0.97

PN2 0 3.81 22.86 57.14 8.57 4.76 191 0.95
PN3 0 5.61 2243 56.07 8.41 4.67 1.88 0.93
PN4 O 7.34 22.02 55.05 8.26 4.59 1.82 0.92
PLN 2.00 3.04 2256 56.41 846 4.70 1.88 0.94
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P | 45 B 58 1 G 1% 1 R A SR AR LR AR -0

No. a}/ 0, / 0, { 0, { 7 s Ay / .
pm pm pm pm nm

BL 437 4.68 520 6.17 337 24.69 1.5083
PL1 4.26 474 482 585 326 2441 1.5108
PLZ 431 450 493 584 330 2439 1.5107
PL3 4.23 454 478 577 334 2471 15114
PL4 434 446 5.07 587 327 24.66 1.5128
PN1 428 450 477 583 330 24.56 1.5088
PNz 4.30 4.50 4.87 5.84 336 24.45 1.5088
PN3 445 453 4.99 599 341 2429 1.5083
PN4 410 4.84 455 546 354 24.20 1.5088
PLN 413 4.62 484 573 331 2449 1.5119
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Fig.2 IR spectra and residual between the simulated and

measured spectra. (a) Measured (black symbols) and

curve-fitting derived (green lines) IR spectra of BL,

PL2, and PN2 glasses (spectra are shifted vertically for

clarity), and individual bands (orange lines) of BL

glass; (b) residual (AI) between the simulated and
measured spectra of BL glass
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Table 3 Integral area of IR bands derived from IR curve fitting

Integral area

Al AZ Ali A4 AJ AG AT

A8 Af) Al(l All AlZ Alii Al4 A15

BL 21.9 3.1 0.9 2.7 1.2 4.3 6.9
PL1 22.2 5.2 0.8 2.4 2.0 4.7 7.2
PL2 21.0 6.1 0.6 2.3 2.5 5.0 7.3
PL3 23.5 3.7 0.9 3.0 1.6 4.7 7.2
PL4 23.1 3.6 0.8 2.6 2.2 5.1 7.4
PN1 21.9 4.7 0.7 2.4 2.5 5.4 7.8
PN2 21.7 2.5 1.0 2.8 0.9 4.1 7.1
PN3 22.3 4.2 0.8 2.4 2.2 5.1 7.7
PN4 204 7.1 0.7 2.3 2.5 5.2 7.6
PLN 214 5.8 0.7 2.4 2.3 4.9 7.4

9.2 8.5 12.0 3.7 1.1 7.2 8.6 8.8
9.0 7.8 10.7 4.3 1.0 6.0 7.4 9.1
9.0 7.6 9.6 5.3 0.5 5.7 7.1 10.3
9.1 8.2 11.7 3.1 1.2 6.2 7.6 8.5
9.0 7.8 10.6 4.2 0.9 6.2 7.5 8.9
9.1 7.6 8.9 5.8 0.6 5.5 6.7 10.4
9.9 8.8 12.1 3.5 1.2 7.3 8.5 8.4
9.3 7.9 9.7 5.2 1.2 6.1 7.1 8.7
9.1 7.5 8.6 5.9 0.7 5.6 6.7 10.0
9.1 7.7 10.4 4.7 0.8 5.7 7.1 9.6
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Table 4 IR band positions identified from this study and band assignments taken from literatures

A, (structural Bands observed in

1 Band assignments based on phosphates vibrational spectra taken from literatures

unit) this work /cm
A, 477-491 458-680 cm ', bending vibrations of bridging phosphorus: 8(O—P—0); a fundamental
A, 569-582 frequency of PO}~ or harmonics of P=0 bending vibrations
A, 716-720 684-830 cm ™', symmetric stretching vibration of P—O—P bridges bonded to a phosphorus
A, 762-762 atom in P'* unit: v,(P—O—P)
A 863-877 860-1002 cm™", asymmetric stretching vibration of P—O—P bridges: v, (P—O—P) of
A, 900-919 P unit
A 1006-1016 1000-1100 ecm ™", symmetric vibration of P—O~ groups of chain terminator: v,(P—O~) of
! chain terminator; asymmetric stretching vibration of PO, groups: v, (PO, ) of P unit
Ay 1108-1118 1108-1118 cm ™', stretching vibration of PO, terminal groups: v,(PO,)
A, 1162-1170 _ o _
1148-1280 cm ', asymmetric stretching vibration of PO, groups: v,.(PO;) of P unit
Ay 1263-1273
A, 1304-1327 1250-1420cm ™", asymmetric stretching vibration of the two nonbridging oxygen atoms
bonded to phosphorus atoms: v, ,(O—P—0) or v, (PO, ) ; harmonics of v(P—0O) from
Ay 1376-1420 two bridging oxygen bonds and two non-bridging bonds, (P—0) and (P—O )
A, 1485-1575
A, 1632-1638 bonding vibration of P—OH: v,.(O—H)
A 1835-1909
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Table 5 Analysis of variance of statistical S-P models

Ttem O T AV 0, 0, 0
Analysis of variance
Root mean square error 0.0196 2.1109 0.0327 0.0356 0.0417 0.0292
Correcotfe?réz(;z;lriegree 7 7 3 7 7 7
F-ratio 47.47 32.30 60.65 25.18 40.4746 74.87
Prob>F <20.0048 <20.0084 <20.0054 <20.0121 <20.0061 <20.0025
Parameter estimation
Intercept(z-ratio) 5.94(36.52) 459.06(19.01) 26.41(40.34) 9.78(7.16) 6.84(8.93) —28.86(—7.95)
A, (r-ratio) Insignificant ~ —16.57(—10.81)  Insignificant ~ —0.13(—4.60)  Insignificant Insignificant
A,(t-ratio) —0.11(—11.25) Insignificant —0.12(—7.92) 0.07(3.13) —0.12(—6.07) 0.20(6.80)
A,(z-ratio) —1.02(—5.13) Insignificant Insignificant 1.60(5.84) —2.79(—6.72) Insignificant
A,(z-ratio) —0.27(—4.99) 36.94(5.75) 0.47(5.81) Insignificant Insignificant Insignificant
A, (t-ratio) Insignificant 23.09(3.42) Insignificant Insignificant Insignificant Insignificant
A, (t-ratio) Insignificant Insignificant Insignificant Insignificant Insignificant 2.73(9.25)
Ag(t-ratio) Insignificant Insignificant —0.41(—8.25) —0.44(—4.65)  Insignificant Insignificant
A, (t-ratio) 0.36(6.18) Insignificant Insignificant Insignificant Insignificant Insignificant
Ay, (rratio) Insignificant 38.02(7.90) Insignificant Insignificant 0.34(6.86) Insignificant
A, (z-ratio) Insignificant Insignificant Insignificant Insignificant Insignificant 4.34(11.08)
A ;(z-ratio) Insignificant Insignificant 0.13(5.17) Insignificant ~ —0.14(—2.92) Insignificant
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2211002-8



R

DNEL AN 2 6 Jr 7, A 2R R ALL R J m] 38 3 R=0.987 , 2% il
P TR PR AR 8] AR X D% 22 A8 A4 52 38 BN (B T
0.6%) . SEERZER S HUM A5 R 1w LTSI T C-S-
P A7 ¥ 1 A RE PR DA R S S B R I R IE A

F 6 ATHY Y UL S RORIAR X 1R 22

Table 6 Model validation results and relative error

Parameter Measured Predicted Relative error /
value value %
i /pm’° 4.13 4.14 0.24
T /ps 331 333 0.60
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Abstract

Objective Nd:phosphate laser glass has been studied as a gain medium in high-power laser systems at the National Ignition Facility
(USA), Laser Mégajoule (France), and SG- I and SG-1II facilities (China). To meet the growing demand for higher gain in high-
power laser systems, the performance of Nd: glass must be improved to a new level (spectroscopic, thermal, chemical, and
mechanical properties). The responses of many properties, as well as the network structure, to changes in glass composition are often
highly nonlinear. Traditional empirical design methods can no longer satisfy the requirements of new developments in a timely
manner. The objective of this study is to establish an accurate glass modeling system that can be used as a platform for the designs and
property predictions of Nd: phosphate laser glass; the modeling system is called glass structure gene modeling (GSgM) or statistical

composition-structure-property (C-S-P) modeling.

Methods Using information of the glass network structure as a “bridge”, C-S-P methodology transforms the need of solving a
complex or unknown nonlinear relationship of C-P to solving two linear relationships of C-S and S-P, and the structure component (S)
bridges the two linear parts into one. Separate linear C-S and S-P models were established using the Cornell first-order linear mixture
formula. In this study, the glass design was based on 60P,0,-24K,0-9MgO-5A1,0,-2R,0, (R=Y, La, and Sb) with 1% (mole
fraction) Nd,O, by introducing extra Li,O or Na,O, targeting the glass property responses to Li,0 and Na,O, covering mole fraction of
2%, 4%, 6%, and 8%. The series of Li,0 and Na,O samples were called as PL1-4 and PN1-4, respectively (Table 1). This study
focused on the effects of Li,O and Na,O on glass spectroscopic properties (Table 2), including emission cross section (o,,,;), effective
linewidth (Ad.), fluorescence lifetime (z;), and Judd-Ofelt parameters (2,, @,, and ;). Structural information of the glass network
was derived from Fourier transform infrared (FTIR) spectroscopic analysis (Fig. 2). Each FTIR spectrum was decomposed into 15
Gaussian bands according to the IR network structural units of the phosphate glass using commercial software from Thermo Scientific
(GRAMS Suite) (Table 3). The structural information of the glass, represented by the IR band areas (A,), composition, and
properties, was used to build the S-P and C-S models. Using the commercial software JMP, the glass structural units that
significantly affected a given glass property were selected using a stepwise statistical screening method. The S-P model was used
independently to simulate glass properties, whereas the C-S model was used to predict the structural responses of the glass network to
compositional changes. With the establishment of the modeling database, the glass properties were estimated through the C—>S—P
route and the design glass composition through the P=S—C route. Model validation was also conducted by comparing the model-

predicted properties with the measured properties.

Results and Discussions Figure 4 shows the original S-P modeling results for the glass spectroscopic properties. Compared with
the S-P(AA.) model with R*=0.98 and R%;=0.97, the models for o, 7, {2, ,, and 5 exhibit relatively lower accuracies (i. e. ,
higher P-values). It implies that, except for AA.;, which is derived directly from the fluorescence spectra, (2,, 2,, 2, and o,

emi

have
relatively larger errors from computations. z; also exhibits larger measurement error. One data point of each property apparently
deviates from the “95% confidence zone” of each corresponding model, and is subsequently excluded from the model (Fig. 5).
Consequently, remarkable improvement is achieved by S-P models for 2,, 02,, 2;, and o,,;,. Using the modeling parameters listed in
Table 5, a structural prediction formula for each property is obtained. It is worth noting that, similar to C-P models, the S-P models
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can also be used directly for property simulation using glass structural information (such as the FTIR integrated area A, in this study).
The C-S models for Li,O and Na,O are built in the same manner (Fig. 6). The combined model of S-P and C-S models completes the
C-S-P platform. By reversing the C—>S—P direction, that is, P>S—>C, a new glass can be designed. The final C-S-P platform is
constructed as shown in Fig. 7. A mixed-alkali glass PLLN (mole fraction of Li,O is 2.1% and mole fraction of Na,O is 3.2% ) is used
to validate the C-S-P model. Results show that the measured values (numerators) are in good agreement with the predicted values
(denominators) for all the properties: o,,,=4.13/4.14 pm”, 7=331/333 ps, AA,=24.49/24.5 nm, 2,=4.62/4.62 pm®, 2,=4.84/
4.83 pm’, and £2,=5.73/5.72 pm’; the relative errors are within 0.6 % (Table 6).

Conclusions The development of the GSgM platform (C-S-P) enables accurate prediction of a combined property set for the first
time, which is often difficult to achieve using the conventional approach, C-P. The spectroscopic properties (Ady, Gunis 1y 2o, (24,
and (2;) of an Nd: phosphate glass series are simulated with satisfactory accuracies. GSgM offers a new dimension in designing the
performance of glass through the manipulation of genes of the glass network and simultaneously avoids solving unknown nonlinear
responses of the glass properties to composition changes. Finally, the model validation process is successfully demonstrated by C—
S—P modeling. Therefore, GSgM is a powerful tool for glass design that moves away from the conventional C-P approach to offer

insight into how the glass network structure or structural units (genes) are critical for tailoring the required glass performance.

Key words spectroscopy; spectroscopic properties; statistical structure modeling; alkali effects
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