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Measuring pure water absorption coefficient in the near-infrared
spectrum (900—2500 nm)
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Abstract: According to the extreme large and mutable characteristics of water absorption coefficient in the infrared spectrum,
a device for measuring thin thickness of water layer is developed on the basis of the previously presented system for measuring
water absorption coefficient in the optical region, in order to change the thickness of water layer from 0.04 mm to 350 mm.Then
water absorption coefficient is measured with water layers of different thicknesses between 0.04 mm to 150 mm. After the effect
of impurity was removed, measured data is integrated effectively and the absorption coefficient of pure water in spectrum from
900 nm to 2500 nm is obtained. Because the pure water absorption coefficient of each section in the spectrum is measured accu-
rately under optimum detecting range of the instrument, the result is more reliable and agrees well with previous measurements.
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It can be used as basic data in quantitative remote sensing applications.
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1 INTRODUCTION

Water is one of the most important and active substance on the
earth and plays an important role in the nature of many physical,
chemical and biological processes. In all the properties of water,
absorption is the most important one. Therefore, the spectrum
absorption of water is a remarkable parameter in chemical, biologi-
cal, atmospheric sciences and many other fields of sciences which
is also one of the crucial basic parameters in quantitative remote
sensing. Previously, we introduced a new method for measuring the
absorption coefficient of water in visible spectrum and illustrated
the result of measurements from 400 nm to 900 nm. On the basis
of that, this paper will extend the method to measure the absorption
coefficient of water in the infrared spectrum ranges from 900 nm to
2500 nm.

It is very difficult to measure the absorption coefficient of water
in the infrared spectrum because a large amount of energy in this
region will be absorbed by water. Due to this reason, luminous in-
tensity will become so weak that lights cannot be detected by sen-
sors when going through water. Existing methods are not suitable.
For obtaining successive absorption spectrum, in the meanwhile
guaranteeing the precision of measurement, a sheet of water should
be thin enough. According to the measurements in the infrared
spectrum from Palmer and Williams (1974). The maximum thick-
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ness of water layer is about 0.15 mm. However, due to the surface
tension of water, it is almost impossible to make a sheet of thin wa-
ter on glass like that.

Though many works focus on the measurements of absorption
spectrum of water in the near infrared (Curcio & Petty, 1951; Hale
& Querry, 1973; Palmer & Williams, 1974; Tyler & Querry, 1978;
Wieliczka & Weng, 1989; Kou & Labrie, 1993; Gordon, 1993;
Marley & Gaffiney, 1994), there are obvious errors in the results
of early results, as those integrated by Hale and Querry (1973).
The widely accepted result was from Palmer and Williams (1974).
Though the general procedures they employed also were, as earlier
works, to measure the ratio of the reflectance of water to that of a
reference mirror, and absorption coefficients were calculated from
the reflectance. Water sample container they employed were a set of
Infrasil quartz cells that provided path lengths of 1 to 50 mm, and
a Beckmann variable-path-length cell that provided the path length
in the range of 6 mm to 30 pm. So the precision of absorption coef-
ficients they acquired in IR regions was very high.

Later studies improved the wedge-shaped cell for highly ab-
sorbent liquids by rising its versatility and avoiding the possible
interference fringes from the wedge shaped volume between top
and base of the window (Tyler, et al., 1978; Wieliczka, et al., 1989).
Using the absorption cell with the optical path lengths in water
ranging from 100 um to 20 cm, Kou, et al. (1993) measured the
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absorption spectrum in the region from 660 nm to 2500 nm, and the
results were in good agreement with those obtained by Palmer and
Williams. However, the measured absorption coefficient of water
in 950 nm seems to be larger since scattering lights caused by some
impurities in water have not been considered.

For some demanding applications, the existing measurements
of water absorption coefficient in the infrared spectrum have some
room to improve. As the data measured 37 years ago, Palmer and
Williams’s data is limited by the instrument, the lowest spectral
resolution of the data is just tens of nanometers, so it is signifi-
cantly insufficient for the applications of hyperspectral remoter
sensing. However, the result from Kou, et al. (1993) has a large
value in the short-wave spectrum, and it will cause congenital
error in some practical application. Therefore, it is necessary to
measure the absorption coefficient of water accurately on the
entire optical wave.

According to the nature of water absorption as well as the meas-
urements of pervious studies, absorption coefficient of water has
two characteristics: (1) the value of water absorption coefficient
is very large; (2) the range of the values is wide. From visible to
infrared spectra, absorption coefficient covers five orders of mag-
nitude. In order to precisely measure the absorption coefficient of
water, the following two aspects should be considered. (1) A very
thin layer of water with the thickness less than 0.15 mm should be
measured; (2) As to different wavelengths, the thickness of water
should be measured according to the range of absorption coeffi-
cients to ensure the measured values falling in the effective range
of devices.

Thus, based on the previous measurement system of water ab-
sorption coefficient, this study designed a special device for meas-
uring thin layer of water. The device was feasible for measuring
the thickness of water from 0.04 mm to 350 mm. Absorption co-
efficients at optimum detection ranges of the device for different
wavelengths can be obtained by measuring the irradiance. After

light source

lenses ey e diverging light filter
E glass vat
glass sheet water shim
N vwy /
P S Y B I CR) ECNCRNT A
/ E & probe of spectrometer
scattered light

\ A standard borad

R,

(a) Diagram of light path for thin water layer

data integration, we can get the absorption coefficients of pure
water from visible to infrared wavelengths, i.e. from 400 nm to
2500 nm.

2 EXPERIMENT METHOD
2.1 Measurement device

The Measuring apparatus were introduced in Deng, et al. (2012).
However, due to the surface tension of water, it is almost impos-
sible to make the thickness of water layer on glass thinner than 0.5
mm. To measure the water absorption coefficient on the infrared
wave band, as shown by Fig. 1, we control top surface of water
layer with a sheet of even glass with high transparency. And two
terminals of glass sheet are based with shims on the bottom of glass
vat. Thickness of water layer is controlled by changing the type
and number of the shims. There are four types of shims, two of
them are rectangular stainless steel slice with thickness of 0.5 mm
and 0.25 mm, respectively, the other two are rectangular film with
thicknesses of 0.1 mm and 0.04 mm, respectively. Therefore, the
thinnest water layer in the experiment is 0.04 mm, and it can easily
be changed. With the means of experiment in optical spectrum, the
thicknesses of water layer can vary from 0.04 mm to 150 mm in
the experiment. Thus, it ensures that any absorption spectrum
from 400 nm to 2500 nm is accurately measured by the optimum
detected range of the instrument.

The water we used in test was ultrapure water, which is com-
mercially supplied by National Marine Institute of China. The tem-
perature during experiment was 26°C.

2.2 Measurement and calculation for near-infrared
absorption coefficient of water measurement

The measurement method was similar to that in the visible
spectrum, and we also measured the two water layers of different
thicknesses to calculate the near-infrared absorption coefficient.
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Fig. 1 The device for infrared spectrum
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The data processing procedure also contained calibrating the data
and separating absorption spectrum of pure water from the extinc-
tion coefficient of suspending substance. The detail of principle
and methods of data processing procedure can be referenced to the
paper (Deng, et al., 2012). After data calibration,the extinction co-
efficient of water can be expressed as:
k= Lln(ﬁ) (1)
hz - hl Lz
where 4, h, are different thicknesses of two water layer samples,
respectively, L,, L, are the radiance corresponding detected by the
spectrometer.
Then absorption coefficient of pure water can be calculated with
the formula as:
0 (2) = k()b (2 -k 2) @
where b,(4) is scatte ring coefficient of water molecule and k(7) is
the extinction coefficient of suspended substance.

2.3 The union of absorption coefficients of pure water
from 900 nm to 2500 nm

Measured absorption coefficient spectrum with different thick-
nesses of water layer has different characteristics of precision. The
precisions of extinction coefficients measured with deep water
layer are higher in low absorption region, but are lower in heavy
absorption region, and precision of the measured values of water
layer thickness are also higher, and vice verse. In fact, a definite
thickness of water layer has a determinate optimal measured region
of extinction coefficients value which is decided by the absorption
of water, intensity of light source, and sensitivity of detecting in-
strument.

Because the values of absorption coefficient of water span five
orders of magnitudes, it is necessary to get water absorption coef-
ficient spectrum with high precision from the datum measured
from different degrees of water thicknesses. So, combined the
experiment of optical spectrum, the results measured with thick-
ness between 0.04 mm to 150 mm are combined to make a union
extinction coefficient spectrum of pure water over the spectrum of
350 nm to 2500 nm. The thicknesses of water layer measured in the

% 10° x 10"
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experiment are listed in Table 1.

For each thickness, we only chose the values which were in the
best value range. All data ranges of adjacent measured water layer
thicknesses have overlap parts of wavelength. Because the preci-
sions of the value of measured water layer thickness are higher in
larger thickness measurement, values of thickness of thin water
layer are adjusted with a ratio according to the values of overlap
region of data from larger thickness measurement. Finally, we
acquired the absorption coefficient of pure water from 900 nm to
2500 nm with high precision.

Table 1 The thicknesses of water layer measured in the experiment/mm

thickness | |thickness | | thickness | | thickness | | thickness | | thickness | | thickness
0.04 0.30 0.80 3.00 20.00 70.00 120.00
0.08 0.40 0.90 3.50 30.00 80.00 130.00
0.12 0.50 1.00 4.00 40.00 90.00 140.00
0.16 0.60 1.50 5.00 50.00 100.00 150.00
0.20 0.70 2.00 10.00 60.00 110.00

3 ABSORPTION DATA AND ERROR DISCUSSION
3.1 Data processing

More than 20 sets of measured data of same thickness of water
layer were averaged to get the result of absorption spectrum, and
statistics standard deviation and percent error were also calculated.
The standard deviation for the new absorption value g; is

_(/el +4lcl+1/cl))

0,= 2 ©)

1o}, +2/0} +1/0},

The final results were shown in Appendix Table. At each wave-
length, values were given for the absorption coefficient as well as
its statistical standard deviation. The absorption coefficient is also
shown in Fig. 2. As indicated in the figure, the values of absorption
coefficient of water at 400 nm to 2500 nm differ by a factor of 10°;
the bars of uncertainty for various spectral regions are also indi-
cated in the Fig. 2.

400 550 700 850 1000 1150 1300 1450 1600 1750 1900 2050 2200 2350 2500

Wavelength/nm

Fig. 2 Unioned absorption coefficients of pure water between 400 nm and 2500 nm
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3.2 Comparison with previous studies

The final results of absorption coefficient on 400 nm to 2500 nm
are shown in Fig. 3 to compare with those from Smith and Baker
(1981), Pope and Fry (1997), Sogandares and Fry (1997), Hale
and Querry (1973), Kou, et al. (1993) and Palmer and Williams
(1974).

Absorption spectrum of pure water from Pope and Fry, and
Palmer and Williams are widely accepted absorption spectrum of
pure water on spectrum of optical and infrared regions respectively.
Fig. 3 shows that the results of this paper are generally highly cor-
related with the datum form Pope and Fry, and Smith and Baker
on 450 nm to 700 nm region, and with the datum form Palmer and
Williams, and Kou and Labrie and Chylek on 750 nm to 2500 nm
region. In the last paper we have made the comparison for spec-
trum from 400 nm to 900 nm, so we do not repeat here. In the peak

14

—1

Absorption coefficient/m

area of infrared spectrum, where the results are different from each
other, our results are usually between Palmer and Williams’s and
Kou, Labrie and Chylek’s (1993), and closer to the latter. The ab-
sorption coefficients of water around 1930 nm are the most typical.
As shown in Fig. 3, our results are significantly greater than Palmer
and Williams’s around 1930 nm, but slightly smaller than Kou,
Labrie and Chylek’s. The values on 1925 nm are 13285, 12400 and
13470, respectively. When measuring absorption coefficient on a
certain region, it is inclined to increase the thickness of measured
water layer to insure the good precision of results in the general re-
gion. While it is likely to make the light energy penetrating through
water layer on the peak region of absorption too little and out of
optimal range of detecting. Thus, it implies that the measurements
of absorption coefficient are unstable. However, in our work, all
regions of absorption coefficient are measured in optimal range of
detecting, ensuring more stable measurements.
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Fig. 3  Present results (smooth curve) for the absorption of pure water between 400 nm and 2500 nm plotted with other researchers

4 SUMMARY

A new method of the measurement for absorption coefficients in
the infrared spectrum of pure water is put forward. Besides simple
and direct, this method are easy to control the thickness of meas-
ured water layers, the thicknesses can be measured span 0.04 mm to
350 mm, so all region of optical and large part of IR can be measured
availably.

Using the method of ratio to calculate the absorption coef-
ficients of water, the main factors of light source and instrument
were removed effectively.

Based on the measurements to water layer with thickness
from 0.04 mm to 350 mm, absorption coefficients spectrum of
pure water in region of 400 nm to 2500 nm are obtained. Since
the data in each region of wavelength is acquired in the optimal
detecting range of water depths, the precision is reliable and
the results have a good correspondence with widely accepted
results.
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Appendix Table
Absorption Coefficients a,, and standard Deviations o, for pure water as a function of wavelength 4

J/nm a,/m’ o/m’ J/nm a,/m’ o/m’ J/nm a,/m’ o/m’

900 6.1884 0.0256 1090 16.6783 0.5654 1280 125.4438 3.8587
905 6.5073 0.0235 1095 17.8467 0.5888 1285 128.5339 3.9124
910 6.9042 0.0184 1100 19.2845 0.5352 1290 132.9452 4.0090
915 7.4607 0.0128 1105 20.8313 0.5112 1295 138.8124 4.1269
920 8.3139 0.0167 1110 22.5262 0.5184 1300 145.8619 4.2425
925 9.6392 0.0322 1115 24.4669 0.5060 1305 154.6123 4.4000
930 11.5774 0.0556 1120 27.0585 0.5441 1310 165.8897 4.5936
935 14.1677 0.0876 1125 31.0228 0.6470 1315 179.8041 4.8251
940 17.3963 0.1492 1130 37.3991 0.8985 1320 195.9858 5.0714
945 21.4374 0.2885 1135 47.1984 1.3243 1325 214.5301 5.3591
950 27.0426 0.2617 1140 60.7775 2.0327 1330 235.1264 5.6463
955 33.9925 0.5221 1145 79.6172 1.6023 1335 257.4468 5.9333
960 40.4604 0.8134 1150 107.4252 3.6212 1340 280.2109 6.2337
965 44.6345 1.0380 1155 125.5627 3.8223 1345 301.8872 6.4778
970 46.5729 1.2266 1160 131.6432 3.9251 1350 322.9455 6.7370
975 47.2258 1.4434 1165 134.8601 3.9844 1355 343.8465 6.9696
980 47.1185 1.1067 1170 136.6320 4.0448 1360 367.4948 7.2164
985 46.1659 1.2028 1175 137.6525 4.0541 1365 399.2005 7.5428
990 44.5386 1.1441 1180 138.5555 4.0835 1370 443.8689 7.9816
995 42.4961 0.9612 1185 139.4848 4.0822 1375 508.1205 8.5702
1000 40.0382 0.5827 1190 140.4580 4.1114 1380 614.3273 10.8652
1005 37.4344 0.5687 1195 140.7465 4.1106 1385 791.0386 12.4317
1010 34.7226 0.5942 1200 140.2052 4.1212 1390 1037.7462 14.2865
1015 31.7971 0.4985 1205 139.2073 4.1050 1395 1338.3514 16.2805
1020 28.9374 0.5549 1210 137.7093 4.0651 1400 1671.4614 18.2428
1025 26.2427 0.5029 1215 136.1539 4.0459 1405 2004.7756 20.0347
1030 23.8181 0.5161 1220 134.5039 4.0094 1410 2299.4013 21.4677
1035 21.6558 0.5049 1225 132.5723 3.9777 1415 2546.4080 22.5945
1040 19.6868 0.4859 1230 130.8398 3.9402 1420 2742.4414 23.4508
1045 18.0350 0.4833 1235 129.0345 3.9052 1425 2888.7492 24.0617
1050 16.7533 0.4719 1240 127.1222 3.8697 1430 2998.7826 24.5045
1055 15.7747 0.4739 1245 125.4440 3.8483 1435 3077.4039 24.8265
1060 15.0632 0.4630 1250 123.9184 3.8271 1440 3125.9429 25.0176
1065 14.6171 0.4657 1255 122.6804 3.7974 1445 3149.9303 25.1116
1070 14.4471 0.4698 1260 121.8107 3.7821 1450 3159.1215 25.1574
1075 14.5493 0.4951 1265 121.6186 3.7675 1455 3145.7882 25.0872
1080 14.9843 0.5006 1270 121.9652 3.7863 1460 3104.6653 24.9376
1085 15.7179 0.5281 1275 123.1212 3.8046 1465 3032.2772 24.6450

to be continued
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continue

—1

1
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A/nm a,/m’” o/m A/nm a,/m’ o/m A/nm a,/m" o/m

1470 2921.7997 24.1834 1715 580.7795 10.6598 1960 11174.4059 47.3403
1475 2789.9066 23.6105 1720 588.9609 10.7467 1965 10658.6376 46.1908
1480 2649.0557 23.0134 1725 600.8988 10.8644 1970 10110.3070 44.9694
1485 2503.1788 22.3575 1730 619.2023 11.0118 1975 9587.2335 43.8239
1490 2359.6925 21.7063 1735 640.1112 11.1797 1980 9093.3448 42.6545
1495 2216.7008 21.0201 1740 666.0047 11.4651 1985 8638.8885 41.5737
1500 2083.1254 20.3850 1745 689.4827 11.6367 1990 8201.0527 40.4800
1505 1955.5434 19.7313 1750 717.1088 11.8595 1995 7770.3487 39.4536
1510 1828.2567 19.0580 1755 752.7150 12.1704 2000 7364.6545 38.3348
1515 1707.3415 18.4441 1760 780.9415 12.3969 2005 6994.7081 37.3859
1520 1598.2384 17.8236 1765 809.3959 12.6638 2010 6647.0382 36.4063
1525 1501.0728 17.2870 1770 831.2326 12.8079 2015 6327.5106 35.5869
1530 1411.4466 16.7300 1775 849.2241 12.9889 2020 6007.5693 34.6112
1535 1330.0455 16.2448 1780 873.9375 13.1127 2025 5700.9784 33.7455
1540 1253.0276 15.7670 1785 894.0727 13.3086 2030 5421.2357 32.8879
1545 1178.4295 15.2867 1790 898.4171 13.3062 2035 5183.3520 32.1964
1550 1113.1924 14.8645 1795 902.1133 13.3612 2040 4953.4561 31.4398
1555 1056.4427 14.4633 1800 905.1582 13.3709 2045 4726.1692 30.7026
1560 1001.8636 14.0780 1805 899.7925 13.3183 2050 4512.3844 30.0040
1565 947.6307 13.6833 1810 891.7933 13.2702 2055 4302.5010 29.3131
1570 903.3081 13.3519 1815 901.2435 13.2675 2060 4114.0033 28.6546
1575 869.4973 13.1107 1820 916.9734 13.4471 2065 3949.8433 28.0594
1580 830.8426 12.7912 1825 922.1306 13.4119 2070 3791.7650 27.4838
1585 795.2601 12.5247 1830 934.6580 13.4713 2075 3636.0017 26.9347
1590 765.3087 12.2887 1835 953.4940 13.6030 2080 3483.4019 26.3476
1595 739.2764 12.0821 1840 994.0810 13.9207 2085 3335.0891 25.7767
1600 718.1947 11.8895 1845 1056.5967 14.3174 2090 3199.6813 25.2807
1605 698.1034 11.7092 1850 1132.9730 14.8648 2095 3080.8073 24.7402
1610 676.3345 11.5382 1855 1243.1728 15.5692 2100 2979.6127 24.3419
1615 656.8966 11.3502 1860 1415.7472 16.6691 2105 2881.9971 23.9525
1620 640.3602 11.2004 1865 1664.4644 18.0279 2110 2775.0513 23.4428
1625 624.4244 11.0867 1870 2067.3102 20.1143 2115 2692.1798 23.1439
1630 612.9789 10.9950 1875 2678.7960 22.9734 2120 2611.2278 22.7564
1635 600.3195 10.8386 1880 3500.1258 26.3717 2125 2526.6678 22.4146
1640 587.2072 10.7111 1885 4593.0215 30.1578 2130 2439.7979 21.9963
1645 581.5459 10.6964 1890 5992.0760 34.5577 2135 2367.2879 21.6851
1650 576.4747 10.6264 1895 7566.6078 38.9982 2140 2312.0539 21.4561
1655 566.8229 10.5321 1900 9196.2681 43.0143 2145 2256.0577 21.1354
1660 557.8632 10.4569 1905 10673.2160 46.3941 2150 2215.8617 20.9544
1665 552.4071 10.4134 1910 11785.0118 48.7745 2155 2177.0876 20.8096
1670 550.8155 10.4267 1915 12538.9739 50.2398 2160 2130.1240 20.5180
1675 546.4029 10.2933 1920 13019.8819 51.1522 2165 2099.8806 20.4763
1680 545.7660 10.3457 1925 13284.4851 51.7008 2170 2053.4546 20.1573
1685 548.7931 10.3422 1930 13377.2446 51.8120 2175 2024.7078 20.0260
1690 550.1508 10.3955 1935 13284.6730 51.6623 2180 2015.4595 20.0432
1695 548.1242 10.3343 1940 12985.2155 51.0066 2185 1995.7610 19.8553
1700 551.5667 10.4226 1945 12569.8817 50.2162 2190 1967.3868 19.7351
1705 557.4718 10.4550 1950 12121.3278 49.2982 2195 1944.7839 19.6313
1710 567.9853 10.5116 1955 11660.7820 48.3564 2200 1947.3039 19.6494

to be continued
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continue
A/nm a,/m” o/m” A/nm a,/m’ o/m’ A/nm a,/m” o/m”
2205 1953.0090 19.6160 2305 2600.9227 22.7054 2405 5170.8675 32.1701
2210 1976.9291 19.8194 2310 2694.8454 23.1953 2410 5266.7612 32.2945
2215 1967.1752 19.6807 2315 2789.5631 23.5403 2415 5519.1696 33.2164
2220 1962.5190 19.7697 2320 2887.5870 23.9247 2420 5695.1827 33.6903
2225 1962.7188 19.6689 2325 3009.1713 24.3983 2425 5886.0474 34.2915
2230 1958.9635 19.7425 2330 3077.0556 24.8207 2430 6106.4604 34.9973
2235 1992.9890 19.8530 2335 3151.8896 25.0671 2435 6342.7058 35.1967
2240 2032.2671 20.0908 2340 3289.8315 25.6099 2440 6583.8864 35.8459
2245 2038.9316 20.1235 2345 3408.2837 26.0753 2445 6830.0022 36.8070
2250 2070.8117 20.2535 2350 3522.2109 26.3853 2450 7081.0532 37.3600
2255 2110.6788 20.4194 2355 3642.7963 27.1051 2455 7337.0394 38.0974
2260 2137.1224 20.5265 2360 3770.5952 27.3852 2460 7597.9608 38.9928
2265 2172.9845 20.7662 2365 3890.6802 27.8528 2465 7863.8175 39.2615
2270 2207.9950 21.0225 2370 4015.3320 28.3421 2470 8134.6093 40.3983
2275 2248.7080 21.0766 2375 4165.6284 28.7980 2475 8410.3364 42.0815
2280 2299.6275 21.3013 2380 4282.6965 29.2605 2480 8690.9987 40.1862
2285 2373.7696 21.7304 2385 4426.6887 29.6833 2485 8976.5962 43.7344
2290 2442.6123 22.0061 2390 4603.4652 30.2149 2490 9267.1289 39.5020
2295 2491.4185 22.2091 2395 4794.8223 30.9753 2495 9562.5969 42.0205
2300 2548.7591 22.6158 2400 5032.0681 31.6918 2500 9863.0000 43.8201
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B 3%
R R o« FAREE 0 T ( EAIKPENRRIK A SR )

Anm a,/m” o/m™ J/nm a,/m” o/m™ Anm a,/m™ o/m™
900 6.1884 0.0256 990 44.5386 1.1441 1080 14.9843 0.5006
905 6.5073 0.0235 995 42.4961 0.9612 1085 15.7179 0.5281
910 6.9042 0.0184 1000 40.0382 0.5827 1090 16.6783 0.5654
915 7.4607 0.0128 1005 37.4344 0.5687 1095 17.8467 0.5888
920 8.3139 0.0167 1010 34.7226 0.5942 1100 19.2845 0.5352
925 9.6392 0.0322 1015 31.7971 0.4985 1105 20.8313 0.5112
930 11.5774 0.0556 1020 28.9374 0.5549 1110 22.5262 0.5184
935 14.1677 0.0876 1025 26.2427 0.5029 1115 24.4669 0.5060
940 17.3963 0.1492 1030 23.8181 0.5161 1120 27.0585 0.5441
945 21.4374 0.2885 1035 21.6558 0.5049 1125 31.0228 0.6470
950 27.0426 0.2617 1040 19.6868 0.4859 1130 37.3991 0.8985
955 33.9925 0.5221 1045 18.0350 0.4833 1135 47.1984 1.3243
960 40.4604 0.8134 1050 16.7533 0.4719 1140 60.7775 2.0327
965 44.6345 1.0380 1055 15.7747 0.4739 1145 79.6172 1.6023
970 46.5729 1.2266 1060 15.0632 0.4630 1150 107.4252 3.6212
975 47.2258 1.4434 1065 14.6171 0.4657 1155 125.5627 3.8223
980 47.1185 1.1067 1070 14.4471 0.4698 1160 131.6432 3.9251
985 46.1659 1.2028 1075 14.5493 0.4951 1165 134.8601 3.9844
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R

A/nm a,/m” o/m™ J/nm a,/m™” o/m™ A/nm a,/m” o/m™

1170 136.6320 4.0448 1355 343.8465 6.9696 1540 1253.0276 15.7670
1175 137.6525 4.0541 1360 367.4948 7.2164 1545 1178.4295 15.2867
1180 138.5555 4.0835 1365 399.2005 7.5428 1550 1113.1924 14.8645
1185 139.4848 4.0822 1370 443.8689 7.9816 1555 1056.4427 14.4633
1190 140.4580 4.1114 1375 508.1205 8.5702 1560 1001.8636 14.0780
1195 140.7465 4.1106 1380 614.3273 10.8652 1565 947.6307 13.6833
1200 140.2052 4.1212 1385 791.0386 12.4317 1570 903.3081 13.3519
1205 139.2073 4.1050 1390 1037.7462 14.2865 1575 869.4973 13.1107
1210 137.7093 4.0651 1395 1338.3514 16.2805 1580 830.8426 12.7912
1215 136.1539 4.0459 1400 1671.4614 18.2428 1585 795.2601 12.5247
1220 134.5039 4.0094 1405 2004.7756 20.0347 1590 765.3087 12.2887
1225 132.5723 3.9777 1410 2299.4013 21.4677 1595 739.2764 12.0821
1230 130.8398 3.9402 1415 2546.4080 22.5945 1600 718.1947 11.8895
1235 129.0345 3.9052 1420 2742.4414 23.4508 1605 698.1034 11.7092
1240 127.1222 3.8697 1425 2888.7492 24.0617 1610 676.3345 11.5382
1245 125.4440 3.8483 1430 2998.7826 24.5045 1615 656.8966 11.3502
1250 1239184 3.8271 1435 3077.4039 24.8265 1620 640.3602 11.2004
1255 122.6804 3.7974 1440 3125.9429 25.0176 1625 624.4244 11.0867
1260 121.8107 3.7821 1445 3149.9303 25.1116 1630 612.9789 10.9950
1265 121.6186 3.7675 1450 3159.1215 25.1574 1635 600.3195 10.8386
1270 121.9652 3.7863 1455 3145.7882 25.0872 1640 587.2072 10.7111
1275 123.1212 3.8046 1460 3104.6653 24.9376 1645 581.5459 10.6964
1280 125.4438 3.8587 1465 3032.2772 24.6450 1650 576.4747 10.6264
1285 128.5339 39124 1470 2921.7997 24.1834 1655 566.8229 10.5321
1290 132.9452 4.0090 1475 2789.9066 23.6105 1660 557.8632 10.4569
1295 138.8124 4.1269 1480 2649.0557 23.0134 1665 552.4071 10.4134
1300 145.8619 4.2425 1485 2503.1788 22.3575 1670 550.8155 10.4267
1305 154.6123 4.4000 1490 2359.6925 21.7063 1675 546.4029 10.2933
1310 165.8897 4.5936 1495 2216.7008 21.0201 1680 545.7660 10.3457
1315 179.8041 4.8251 1500 2083.1254 20.3850 1685 548.7931 10.3422
1320 195.9858 5.0714 1505 1955.5434 19.7313 1690 550.1508 10.3955
1325 214.5301 5.3591 1510 1828.2567 19.0580 1695 548.1242 10.3343
1330 235.1264 5.6463 1515 1707.3415 18.4441 1700 551.5667 10.4226
1335 257.4468 5.9333 1520 1598.2384 17.8236 1705 557.4718 10.4550
1340 280.2109 6.2337 1525 1501.0728 17.2870 1710 567.9853 10.5116
1345 301.8872 6.4778 1530 1411.4466 16.7300 1715 580.7795 10.6598
1350 322.9455 6.7370 1535 1330.0455 16.2448 1720 588.9609 10.7467
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Anm a,/m” o/m™ J/nm a,/m” o/m™ Anm a,/m™ o/m™
1725 600.8988 10.8644 1910 11785.0118 48.7745 2095 3080.8073 24.7402
1730 619.2023 11.0118 1915 12538.9739 50.2398 2100 2979.6127 243419
1735 640.1112 11.1797 1920 13019.8819 51.1522 2105 2881.9971 23.9525
1740 666.0047 11.4651 1925 13284.4851 51.7008 2110 2775.0513 23.4428
1745 689.4827 11.6367 1930 13377.2446 51.8120 2115 2692.1798 23.1439
1750 717.1088 11.8595 1935 13284.6730 51.6623 2120 2611.2278 22.7564
1755 7527150 12.1704 1940 12985.2155 51.0066 2125 2526.6678 22.4146
1760 780.9415 12.3969 1945 12569.8817 50.2162 2130 2439.7979 21.9963
1765 809.3959 12.6638 1950 12121.3278 49.2982 2135 2367.2879 21.6851
1770 831.2326 12.8079 1955 11660.7820 483564 2140 2312.0539 21.4561
1775 849.2241 12.9889 1960 11174.4059 473403 2145 2256.0577 21.1354
1780 873.9375 13.1127 1965 10658.6376 46.1908 2150 2215.8617 20.9544
1785 894.0727 13.3086 1970 10110.3070 44.9694 2155 2177.0876 20.8096
1790 898.4171 13.3062 1975 9587.2335 43.8239 2160 2130.1240 20.5180
1795 902.1133 13.3612 1980 9093.3448 42,6545 2165 2099.8806 20.4763
1800 905.1582 13.3709 1985 8638.8885 41.5737 2170 2053.4546 20.1573
1805 899.7925 133183 1990 8201.0527 40.4800 2175 2024.7078 20.0260
1810 891.7933 13.2702 1995 7770.3487 39.4536 2180 2015.4595 20.0432
1815 901.2435 13.2675 2000 7364.6545 383348 2185 1995.7610 19.8553
1820 916.9734 13.4471 2005 6994.7081 37.3859 2190 1967.3868 19.7351
1825 922.1306 13.4119 2010 6647.0382 36.4063 2195 1944.7839 19.6313
1830 934.6580 13.4713 2015 6327.5106 35.5869 2200 1947.3039 19.6494
1835 953.4940 13.6030 2020 6007.5693 34.6112 2205 1953.0090 19.6160
1840 994.0810 13.9207 2025 5700.9784 33.7455 2210 1976.9291 19.8194
1845 1056.5967 143174 2030 5421.2357 32.8879 2215 1967.1752 19.6807
1850 1132.9730 14.8648 2035 5183.3520 32.1964 2220 1962.5190 19.7697
1855 1243.1728 15.5692 2040 4953.4561 31.4398 2225 1962.7188 19.6689
1860 1415.7472 16.6691 2045 4726.1692 30.7026 2230 1958.9635 19.7425
1865 1664.4644 18.0279 2050 45123844 30.0040 2235 1992.9890 19.8530
1870 2067.3102 20.1143 2055 4302.5010 29.3131 2240 2032.2671 20.0908
1875 2678.7960 22.9734 2060 4114.0033 28.6546 2245 2038.9316 20.1235
1880 3500.1258 26.3717 2065 3949.8433 28.0594 2250 2070.8117 20.2535
1885 4593.0215 30.1578 2070 3791.7650 27.4838 2255 2110.6788 20.4194
1890 5992.0760 34.5577 2075 3636.0017 26.9347 2260 2137.1224 20.5265
1895 7566.6078 38.9982 2080 3483.4019 26.3476 2265 2172.9845 20.7662
1900 9196.2681 43.0143 2085 3335.0891 25.7767 2270 2207.9950 21.0225
1905 10673.2160 46.3941 2090 3199.6813 25.2807 2275 2248.7080 21.0766
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A/nm a,/m™ o/m™ J/nm a,/m” o/m™ A/nm a,/m” o/m™

2280 2299.6275 21.3013 2355 3642.7963 27.1051 2430 6106.4604 34.9973
2285 2373.7696 21.7304 2360 3770.5952 27.3852 2435 6342.7058 35.1967
2290 2442.6123 22.0061 2365 3890.6802 27.8528 2440 6583.8864 35.8459
2295 2491.4185 22.2091 2370 4015.3320 28.3421 2445 6830.0022 36.8070
2300 2548.7591 22.6158 2375 4165.6284 28.7980 2450 7081.0532 37.3600
2305 2600.9227 22.7054 2380 4282.6965 29.2605 2455 7337.0394 38.0974
2310 2694.8454 23.1953 2385 4426.6887 29.6833 2460 7597.9608 38.9928
2315 2789.5631 23.5403 2390 4603.4652 30.2149 2465 7863.8175 39.2615
2320 2887.5870 23.9247 2395 4794.8223 30.9753 2470 8134.6093 40.3983
2325 3009.1713 24.3983 2400 5032.0681 31.6918 2475 8410.3364 42.0815
2330 3077.0556 24.8207 2405 5170.8675 32.1701 2480 8690.9987 40.1862
2335 3151.8896 25.0671 2410 5266.7612 32.2945 2485 8976.5962 43.7344
2340 3289.8315 25.6099 2415 5519.1696 33.2164 2490 9267.1289 39.5020
2345 3408.2837 26.0753 2420 5695.1827 33.6903 2495 9562.5969 42.0205
2350 3522.2109 26.3853 2425 5886.0474 34.2915 2500 9863.0000 43.8201




