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ABSTRACT

The optical constants of low density polyethyene in the spectral region from
30 to 120 cm! have been determined at a number of temperatures by the
technique of dispersive Fourier transform spectroscopy. The temperatures were
6, 20, 40, 60, 80, 100 and 293 K. The results of these studies are presented
in both graphical and tabular form.
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1 INTRODUCTION

In the far infrared region of the electromagnetic spectrum polyethylene
((C,Hy),) is probably the most widely used material for the construction of
low loss transmission optics such as lenses and windows. A consequence of this
is that there have been extensive studies of its power transmission properties
in this spectral region, including some studies of the spectral variation of
its optical constants!), These latter studies provide an unambiguous
description of the optical constants of polyethylene in the spectral region
between 3 and 500 cm™! at ambient room temperature. If, however, information
is required on the temperature dependence of the optical constants, the
available data is more sparse. There have been a number of studies of the
temperature variation of the absorption spectrum, particularly in the 70 to
80 cm™* region of the B, lattice mode(2-®), but there is much legs information
available on the temperature dependence of the refractive index spectrum. At
near millimetre wavelengths, for example, dispersive Fourier transform
spectrometry has been used to study the temperature dependence of the optical
constants between 4.2 and 300 K,(7’1eading to a refractive index temperature
gradient of -2.5x10“‘K'1for temperatures close to 300 K. Stiitzel et al‘® have
used the Abbe method to determine the temperature dependence of the refractive
index between 5 and 290 K at wavelengths of 118 and 570 Hm. Their result of
-13x10"* K! for the gradient at 290 K was larger than that of the
interferometric method, but this may reflect the finer temperature resolution
of that study. Finally, Alvarez et al'® measured the refractive index of &
Rigidex polyethylene between 50 and 200 cm™! at 1.6 and 300 K. The present
work was aimed at expanding this data base by providing a systematic study of
the temperature dependence between 4.2 and 293 K of the optical constants of
a specimenlof low density polyethylene (LDPE) in the spectral region from 30
to 120 cm™".

2 EXPERIMENTAL

The refraction and absorption spectra of a 9.8 mm thick specimen of LDPE were
determined wusing the techniques of dispersive Fourier transform
spectroscopy‘!®) (DFTS). These directly measure the phase shift and attenuation
suffered by an electromagnetic wave as it propagates through a specimen. Once
these are known, the refraction and absorption spectra of the specimen can be
calculated from them without approximation. The measurements are made by
introducing the specimen into one of the two active arms of a Michelson, or
related, interferometer.

The interferometer used for these measurements was a polarising wire grid
interferometer!?’. The beamdivider and polariser-analyser were wound from 10um
diameter tungsten wire spaced 25um centre-to-centre. This was used with a
quartz window Golay cell to cover the spectral region from 30 and 120 cm™!.
The specimen was mounted in a variable temperature cryostat which formed part
of the fixed mirror arm of the interferometer. Its temperature could be
adjusted to any value between 4.2 and 300 K. The specimen could be positioned
in or out of the beam in the fixed mirror arm without removing it from the
exchange gas volume of the cryostat.

The phase shift and attenuation due to the specimen were measured at seven
temperatures, 6, 20, 40, 60, 80, 100 and 293 K. Typically, the temperature was
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maintained to better than *1 K above 60 K, falling to around #0.3 K at the

lower temperatures. All of the measurements were made with a nominal spectral

resolution of 2 cm™!.

3 RESULTS

The absorption and refraction spectra of the LDPE specimen, at all 7
measurement temperatures, are shown in figures 1 and 2, respectively. Each
spectrum represents the average of U4 independent determinations. The
reproducibility of these was such as to suggest a level of random uncertainty
in the refraction spectra of about 0.0001, or better, and of about O.icm! in
the absorption spectra. In the absorption spectra of figure 1 the ordinate
scale refers to the 293 K spectrum. The other spectra are each offset by a
progressive 0.5cm™! for clarity of presentation. These refraction and
absorption spectra are all tabulated in tables 1 to 7, together with

corresponding parameters, using the notation v (wavenumber), f (frequency),

n (refractive index), a (absorption coefficient), €’ (relative permittivity)
and €” (loss). ‘

There were two possible sources of major systematic errors in the refraction
spectra derived from these measurements. First, the thickness of the specimen
was only known at room temperature. Thus, in order to correctly calculate the
optical constants from the measured phase and attenuation it was necessary to
correct for thermal contraction using literature values‘!!’ at each measurement
temperature. The effect of the correction could only be seen in the refraction
spectrum, due to the high signal-to-noise ratio in the phase spectrum. The
lower signal-to-noise ratio of the attenuation measurements masked the
correction. Second, in the calculation of refractive index spectra from the
results of DFTS measurements made in transmission, it is usual to assume that
the specimen is immersed in vacuum of refractive index unity. As the specimen
was immersed in helium with a refractive index that was neither unity nor
temperature independent, a further correction was necessary to allow for this.
The effect that this has, if ignored, is to reduce the derived value of the
refractive index from its true value. This can be avoided if the temperature
dependence of the refractive index of helium gas is known. This has been
determined with the present interferometer in previous measurements(!2?’. The
correction factor, which is additive, decreased from 0.0026 at 6 K to 0.00008
at 100 K. In the corrected refraction spectra of figure 2 residual systematic
errors are expected to be dominated by effects due to off axis rays(!3),
Calculations based on the geometry of the interferometer used for these
measurements indicate that such errors occur below the 10°* level.

In the absorption spectra a possible source of significant systematic errors
was pseudocoherence effects, which are due to non-uniformities in the optical
thickness of a specimen. Such errors lead to a loss of interferometric
modulation and, hence, to an absorption spectrum which is more intense than
the real, intrinsic spectrum of the material{l*). Conventional FTS absorption
measurements are not susceptible to this type of error, so a comparison of
DFTS and FTS measurements on the same specimen reveals the presence of such
errors. These were not present for this specimen. Other sources of systematic
absorption error such as focussing/defocussing effects of off axis rays are
expected to be less than the random absorption errors. 1
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Figure 1. The absorption spectra of the low density polyethylene specimen at

temperatures from 6 to 293 K. The ordinate scale is for the 293 K
spectrum. The other spectra are each offset by a progressive 0.5cm™!
for clarity.
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Figure 2. The refractive index spectra of the low density polyetpylene
specimen at temperatures from 6 to 293 K.
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The absorption spectra of this LDPE specimen show the B,, lattice mode
superimposed on a broad feature-less background absorption that increases with
increasing wavenumber, and is largely independent of temperature. This
absorption is associated with amorphous regions in the material, and, at room
temperature, has been fitted to a quadratic form by Chantry et al{!3’, The
spectra clearly show the temperature evolution of the B,, lattice mode, which
shifts from a peak position of about 72 cm™! at 293 K to one of 80 cm™! by 6
K, with corresponding increases in peak intensity from 1 to 3 cm™!. Such
behaviour is similar to that reported by other authors in both low and high
density polyethylene(6:17),

The corresponding refraction spectra of figure 2 show the classical behaviour
of the refractive index in the region of an isolated narrow absorption
feature. At each temperature there is a region of strong dispersion in the
immediate vicinity of the band. This is such that the overall level of the
spectrum has higher values at wavenumbers below the line centre than above it.
The dispersion across the band increases with decreasing temperature to
reflect its causal relationship with the intensity of the line. Away from line
centre the spectrum is independent of wavenumber.
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Figure 3. The temperature dependence of the refractive index of the low
density polyethylene specimen at 40cm™!.



DES 128

As the temperature of the specimen is decreased, the overall level of the
refraction spectrum increases to follow the increase in density of the
specimen. This can be seen in figure 3, which shows the temperature dependence
of the refractive index at 40 cm™'. The largest changes are seen at
temperatures between 100 and 293 K. At lower temperatures the refractive index
tends to a constant value, as further thermal contraction begins to be frozen
out. On going between the extreme temperatures the refractive index changes
from 1.5139 at 293 K to 1.5554 at 6 K. In a lens application involving LDPE
this would correspond to a focal length reduction of 7.5% in going to the
lower temperature. This is considerably greater than the 0.1% chromatic
variation expected in the focal length of polyethylene lenses in this spectral
region‘'® | and could be significant in some applications. It points out the
need for quantitative optical constant data at appropriate temperatures. In
many applications it may be incorrect to assume, for example, that the room
temperature focal length of a polymeric lens would apply at a reduced
temperature. ‘

L CONCLUSIONS

The results of a determination of the temperature dependence of the spectral
variation of the optical constants of low density polyethylene between 6 and
293 K, and 30 to 120 cm™! have been presented and discussed. These have been
presented both in graphical and tabular form, to provide a body of
quantitative information that can be used for optical design purposes in the
terahertz spectral region. As the optical constants of polymers are sensitive
to the particular details of their manufacturing process and previous history,
the present spectra are intended as a guide to typical wvalues that can be
expected.
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Table 1, LDPE
(cm {THz)
19.53 586
20.51 0.615
0.645
0.674
23.44 703
0.732
25 762
0.791
27 34 0.820
28.132 0.850
0.879
2T 0.908
31 25 0.938
32 23 0.967
33.20 0.996
.025
16 055
36.13 084
113
38.09 143
39.06 172
4o.o4 201
41.02 230
1.260
42.97 289
43 318
by g2 348
4s o i i
hp.BA 406
47 85 436
48.83 bes
49.80 ol
78 523
31 76 1.553
52.73 582
71 611
54.69 61
55.66 670
56.64 699
729
58.59 1.758
59.57 787
£0.55 816
52 BlUs
_ 875
£3.48 a4
6Y .45 934
65.43 1.963
66.41 992

556165
555964
555991

555932

555811

555748

555723
555646

555541
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555333

555343
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.555506

555496
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00052

.00078
.00139
.00117
.00075
00106
00142
.00143
.00118
.00111
.00114
.00107
.00111
.00113
.00104
. 00093
.00090
.00106
.00101
. 00070
.0006BY
.00085
. 00095
.00107
.00118
.00126
.00133
.00140
.00143
.00144
.00153
.00158
.00153
.00148
.00143
.00139
.00135
.00132
.00131
.00129
.00129
.00132
.00132
.00135
.00144
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.00166
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Table 1 (contd). LDPE 6 K.

f
(THz)

.021
.051
.080
.109
.139
.168
.197
.227
.256
.285
.314
344
.373
.bo2
432
461
.490
.520
.549
.578
.607
.637
.666
.695
.725
LT54
.783
.813
.842
.871
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.930
.959
.988
.018
.0l47
.076
.105
.135
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.223
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.555585
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.554119
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-554579
-554599
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.554709
.554809
.554854
.554867
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-554905
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.554878
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.554868
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-554756
.554715
.554700
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.554682
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Ell

.00205
.00216
.00219
.00219
.00217
.00211
.00204
.00212
.00257
.00342
.00451
.00583
.00808
.00924
.00511
.00333
.00259
.00227
.00215
.00206
.00190
.00178
.00170
.00158
.00149
.00146
.00152
.00168
.00192
.00210
.00207
.00204
.00221
.00231
.00225
.00226
.00224
.00208
.00198
.00195
.00195
.00191
.00185
.00179
.00169
.00164
.00169
.00173
.00179
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Table 1 (contd). LDPE 6 K.

v
(cm

115.
116.
117.
118.
119.
120.
121
122,
123.
124.
125.

-1

23
21
19
16
14
12

.09

07
05
02
00

£
(THz)

3.457
3.486
3.516
3.545
3.574
3.604
3.633
3.662
3.691
3.721
3.750

[ S T e = e

.554847
.554831
.554807
.554803
.554808
.554798
.554809
.554814
.554804
.554827
.554835

10

(cm™t)

0.90
0.94
0.95
0.97
0.97
0.97
0.98
0.99
1.01
1.06
1.03

NN

El

417548
.4117500
417424
417412
L1727
-417396
417432
417446
417415
417488
417513

eNeoNeoNoRoloNoNoNoRoNo]

.00192
.00200
.00202
.00204
.00201
.00199
.00201
.00201
.00203
.00212
.00204
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Table 2. LDPE 20 K.

v f n a €’ €’

(cm™t) (THz) (em™1)

22.46 0.674 1.555334 0.02 2.419065 0.00026
23.44 0.703 1.555339 0.08 2.419080 0.00086
24 .41 0.732 1.555302 0.07 2.418965 0.00075
25.39 0.762 1.555323 0.08 2.419029 0.00080
26.37 0.791 1.555340 0.10 2.419083 0.00094
27.34 0.820 1.555212 0.10 2.418685 0.00091
28.32 0.850 1.555115 0.12 2.418381 0.00108
29.30 0.879 1.555132 0.15 2.418436 0.00127
30.27 0.908 1.555177 0.16 2.418575 0.00127
31.25 0.938 1.555173 0.16 2.418563 0.00130
32.23 0.967 1.555122 0.17 2.418404 0.00129
33.20 0.996 1.555120 0.16 2.418397 0.00119
34.18 1.025 1.555173 0.16 2.418563 0.00112
35.16 1.055 1.555178 0.17 2.418577 0.00118
36.13 1.084 1.555122 0.18 2.418405 0.00123
37.11 1.113 1.555103 0.19 2.418345 0.00123
38.09 1.143 1.555126 0.19 2.418417 0.00121
39.06 1.172 1.555107 0.19 2.418359 0.00119
40.04 1.201 1.555063 0.19 2.418222 0.00116
41.02 1.230 1.555033 0.17 2.418128 0.00106
41.99 1.260 1.555032 0.18 2.418123 0.00107
42.97 1.289 1.555060 0.21 2.418210 0.00119
43.95 1.318 1.555086 0.22 2.418292 0.00123
4y g2 1.348 1.555136 0.21 2.418448 0.00118
45.90 1.377 1.555198 0.22 2.418639 0.00116
46.88 1.406 1.555198 0.22 2.418641 0.00117
47.85 1.436 1.555136 0.23 2.418448 0.00119
48.83 1.465 1.555110 0.25 2.418367 0.00129
49,80 1.494 1.555162 0.28 2.418530 0.00140
50.78 1.523 1.555201 0.29 2.418649 0.00143
51.76 1.553 1.555173 0.30 2.418563 0.00145
52.73 1.582 1.555130 0.31 2.418428 0.00146
53.71 1.611 1.555110 0.31 2.418368 0.00141
54.69 1.641 1.555115 0.31 2.418381 0.00140
55.66 1.670 1.555107 0.34 2.418358 0.00150
56.64 1.699 1.555094 0.36 2.418317 0.00158
57.62 1.729 1.555118 0.37 2.418392 0.00159
58.59 1.758 1.555159 0.38 2.418519 0.00161
59.57 1.787 1.555162 0.40 2.418530 0.00166
60.55 1.816 1.555158 0.40 2.418517 0.00162
61.52 1.846 1.555187 0.39 2.418606 0.00156
62.50 1.875 1.555226 0.41 2.418728 0.00161
63.48 1.904 1.555257 0.46 2.418824 0.00177
64 .45 1.934 1.555290 0.51 2.418927 0.00197
65.43 1.963 1.555324 0.55 2.419033 0.00207
66.41 1.992 1.555323 0.59 2.419030 0.00219
67.38 2.021 1.555280 0.63 2.418894 0.00231
68.36 2.051 1.555263 0.65 2.418843  0.0023H

11
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Table 2 (contd). LDPE 20 K.

v
(cm™!)

117.19
118.16
119.14
120.12
121.09
122.07
123.05
124.02
125.00

f
(THz)

3.516
3.545
3.574
3.604
3.633
3.662
3.691
3.721
3.750

1.554483
1.554557
1.554611
1.554588
1.554562
1.554573
1.554591
1.554583
1.554625

13

(cm™1)

0.94
0.89
0.81
0.81
0.79
0.80
0.86
0.92
1.02

m\

2.416416
2.416647
2.416815
2.416743
2.416662
2.416698
2.416752
2.416727
2.416860

DES 128

m-

0.00199
0.00187
0.00169
0.00166
0.00162
0.00163
0.00172
0.00184
0.00201



DES 128

Table 3. LDPE 40 K.

v £ n a € €”
(cm™?! (THz) (cm™1)

19.53 0.586 1.554942 0.01 2.417844 0.00015
20.51 0.615 1.554848 0.10 2.417553 0.00127
21.48 0.645 1.554927 0.12 2.417799 0.00132
22.46 0.674 1.555077 0.11 2.418266 0.00119
23.44 0.703 1.555149 0.10 2.418489 0.00111
24 .41 0.732 1.555019 0.10 2.418084 0.00098
25.39 0.762 1.554938 0.12 2.417832 0.00118
26.37 0.791 1.554926 0.16 2.417795 0.00151
27.34 0.820 1.554891 0.17 2.417686 0.00153
28.32 0.850 1.554860 0.18 2.417589 0.00157
29.30 0.879 1.554834 0.19 2.417510 0.00165
30.27 0.908 1.554825 0.18 2.417481 0.00148
31.25 0.938 1.554782 0.17 2.417346 0.00131
32.23 0.967 1.554765 0.16 2.417295 0.00121
33.20 0.996 1.554813 0.16 2.417444 0.00120
34.18 1.025 1.554821 0.19 2.417470 0.00136
35.16 1.055 1.554783 0.20 2.417351 0.00144
36.13 1.084 1.554771 0.22 2.417313 0.00148
37.11 1.113 1.554793 0.22 2.417382 0.00148
38.09 1.143 1.554813 0.22 2.41744Y4 0.00142
39.06 1.172 1.554805 0.22 2.417418 0.00138
40.04 1.201 1.554793 0.21 2.417381 0.00129
41.02 1.230 1.554776 0.21 2.417327 0.00125
41.99 1.260 1.554767 0.22 2.417300 0.00132
42.97 1.289 1.554773 0.24 2.417320 0.00136
43.95 1.318 1.554806 0.22 2.417421 0.00126
4y .92 1.348 1.554874 0.20 2.417633 0.00110
45.90 1.377 1.554913 0.20 2.417753 0.00109
46.88 1.406 1.554915 0.23 2.417761 0.00120
47.85 1.436 1.554900 0.25 2.417714 0.00127
48.83 1.465 1.554884 0.27 2.417665 0.00136
49.80 1.494 1.554882 0.31 2.417656 0.00152
50.78 1.523 1.554865 0.33 2.417606 0.00163
51.76 1.553 1.554851 0.34 2.417562 0.00163
52.73 1.582 1.554861 0.32 2.417592 0.00153
53.71 1.611 1.554874 0.32 2.417633 0.00149
54.69 1.641 1.554888 0.34 2.417676 0.00154
55.66 1.670 1.554878 0.35 2.417645  0.00158
56.64 1.699 1.554850 0.37 2.417558 0.00161
57.62 1.729 1.554862 0.37 2.417597 0.00159
58.59 1.758 1.554907 0.37 2.417735 0.00155
59.57 1.787 0.000240 0.39 -.000000 0.00000
60.55 1.816 1.554928 0.40 2.417800 0.00164
61.52 1.846 1.554942 0.41 2.417845 0.00167
62.50 1.875 1.554971 0.45 2.417936 0.00179
63.48 1.904 1.554984 0.47 2.417975  0.00185
64.45 1.934 1.554994 0.50 2.418005  0.00194
65.43 1.963 1.555023 0.56 2.418097 0.00213
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{(contd). LDPE 40 K.

DES 128
Table 3
v f

(cm™?) (THz)
114,26 3.428
115.23 3.457
116.21 3.486
117.19 3.516
118.16 3.545
119.14 3.574
120.12 3.604
121.09 3.633
122.07 3.662
123.05 3.691
124.02 3.721
125.00 3.750

o e e s s

.554269
.554194
.554100
.554124
-554153
.554211
.554257
.554242
.554295
.554350
.554324
.554406

16

(cm™t)

0.77
0.83
0.81
0.84
1.04
1.08
0.95
0.86
0.87
0.95
0.95
0.97

NP N

EI

415753
415520
415227
.415300
.415390
415570
415715
415666
.415833
.416005
415924
416178

ool oNeooNoNoNoNeoNeNoNe!

E”

.00167
.00178
.00172
.00177
.00217
.00224
.00196
.00175
.00176
.00191
.00190
.00192



Table 4. LDPE 60 K.

19.
20.
.48
22.
23.
24,
25.
26.
27.
.32
29.
30.
.25
32.
33.
34,
35.
36.
37.
38.
39.
4o.
b,
.99
42,
43,

21

28

31

41

uh

v
(cm™!)

53
51

46
Ul
B
39

37
34

30
27

23
20
18
16
13
11
09
06
o4
02

97
95

.92
.90
.88
.85
.83
.80
.78
.76
.73
.71
.69
.66
.6l

f

(THz)

M R R R R R R R R R HRRRPRERPRPRERPERRERERREBREERERRERREEOO00000000000000

.586
.615
.6l45
.674
.703
.732
.762
.791
.820
.850
.879
.908
.938
.967
.996
.025
.055
.084
.113
.143
172
.201
.230
.260
.289
.318
.348
377
406
436
465
4oy
.523
553
.582
.611
.641
.670
.699
.729
.758
.787
.816
.846
.875
.90k
.934
.963
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.554263
-554053
.554011
.553928
-553819
.553786
-553843
.553895
.553827
-553729
-553710
-553737
553752
.553745
553748
553793
-553799
.553767
.553782
553793
.553774
.553765
-553751
.553734
.553720
.553718
.553746
-553772
.553766
553759
-553758
-553755
.553760
.553760
553759
.553786
.553806
.553784
.553754
-553754
553790
-553805
-553791
.553801
.553830
-553839
.553838
.553865
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(cm™1)

.06
.12
.17
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.18
.17
.17
.18
.18
.17
.17
.18
.19
.19
.21
.23
.24
.23
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.26
.29
.28
.27
.28
.29
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.35
34
.37
-39
-39
31
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0.45
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0.54
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EI
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DES 128
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Table 4 ({contd), LDPE B0

(cm ')

114 26
115,23
116.21
117
118.16
119
120.
121.09
122
123.05
124,02
125.00

(THz}

3 428
3.457
3.486
3 516
3.545
3.574
3.604
3.633
3.662
3.691
3.721
3 750

553268
553275
1.553234
553187
553186
553172
553222
-553335

1.553308
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.553192
1.553236
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2.412405
2. 412542

(LS LS B ST I

0.
.00143
.00142
.00171
.00213
.00232
00225
.00168
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00167
.00188
.00183
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DES 128

Table 5. LDPE 80 K.

-1

.51
.48
.46
Al
N5
-39
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.34
.32
.30
.27
.25
.23
.20
.18
.16
13
11
.09
.06
.04
.02
.99
.97
95
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.90
.88
.85
.83
.80
.78
.76
.73
.71
.69
.66
.64
.62
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57
.55
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.50
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(THz)
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.615
.645
.674
.703
.732
.762
.791
.820
.850
-879
.908
.938
.967
.996
.025
-055
.084
113
143
172
.201
.230
.260
.289
.318
.348
377
406
436
465
4ok
.523
-553
.582
.611
641
.670
.699
.729
.758
.787
.816
.846
-875
.904
.934
.963
.992
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.552417
.552384
.552512
.552494
552370
.552279
.552289
.552336
.552370
.552391
.552391
.552376
.552310
.552289
.552356
.552406
.552376
.552340
.552296
.552224
.552224
.552270
.552301
.552294
.552273
.552270
.552307
.552350
.552337
.552342
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.552387
.552377
.552368
.552362
.552349
.552330
.552321
.552328
.552350
.552356
.552342
.552341
.552362
.552397
.552432
.552459
.552480
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a
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N
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NN NDNDN

E,

-409997
.409897
410294
410239
.409852
.409570
.409602
409747
.409853
.409918
.409916
.409870
-109666
.409601
.409809
.409964
.409872
.409759
.409622
.4o9400
.409400
409543
409638
.409616
.409550
409543
409656
.409791
-409750
.409765
.409891
.409905
409874
409846
.409827
.409788
.409727
.409701
.409721
.409789
.409809
.409765
409764
.409827
.409935
.410046
410127
410194

[cNeoNoNoNoNoloNoNoRolooNoNeoojoNoloNojoNoNoloBooNoJoNeNoNoNoNoloNoloNoNoNoNoNoNoNoNoNoNoNoNeNe)

.00065
.00105
.00072
.00063
.00097
.00117
.00134
.00126
.00125
.00127
.00118
.00108
.00113
.00131
.00147
.00143
.00139
.00133
.00115
.00116
.00144
.00160
.00152
.00141
.00138
.00133
.00121
.00119
.00129
.00140
.00142
.00144
.00150
.00151
.00158
.00174
.00182
.00177
.00177
.00185
.00185
.00175
.00167
.00171
.00180
.00185
.00194
.00211



Table 5 (contd). LDPE 80 K.

v

(em™)

67.
68.
69.
70.
71
72.
73.
74

38
36
34
31

.29

27
24

.22
.20
.17
.15
.13
.10
.08
.05
.03
.01
.98
.96
.94
.91
-89
.87
.84
.82
.80
77
-75
.73
.70
.68
.66
.63
.61
-59
.56
.5k

f
(THz)

.021
.051
.080
.109
-139
.168
197
.227
.256
.285
.314
344
-373
.4o2
432
461
.490
.520
.549
.578
.607
.637
.666
.695
.725
754
.783
.813
.842
.871
.900
.930
-959
.988
.018
.047
.076
.105
135
164
-193
.223
.252
.281
311

MO N

WLWWUWWWUWWUWWWWWWINNMNODNONNODNONNNNODRNNODNNNDNDNDNNDNDNDNDND NN

HERPRRPRRERBREBRPRHEREBRERRPRBREREPERRBRERR R R R R R DR R e e e e e s e

.552476
.552472
.552505
.552534
.552507
.552539
.552626
.552641
.552684
.552708
.552496
.551968
.551130
.550681
.550789
.550963
.551092
.551216
.551300
.551350
.551427
.551517
.551578
.551614
.551642
.551695
.551765
.551800
.551788
.551756
.551688
.551658
.551667
.551636
.551618
.551653
.551726
.551766
.551734
.551665
.551639
.551693
.551775
.551831
.551811
.551767
.551758
.551785
.551844

21

8 a
A

COO0O0O0000O0O0OO0DO0O0OO0O0CO0OO0O0O0OO0O0DO0OO0OO0DVODOOOCOOCODOFHKRNNFPHERRLRREOODOOOOO
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.410182
.410168
.410270
410362
410277
.410375
410648
.410693
.410825
.410900
.410239
.408598
.405999
.4o4608
.4o49ls
.Los486
.405887
.406269
.406531
.406687
.406927
.bho7204
.407393
.Lo7507
.407593
.407758
407974
.408082
.4o8ou6
407946
407737
.bo7el2
.bo7671
407574
.Lho7517
407627
.407855
407976
.407880
.407663
407584
407752
.408005
.408178
.4o8116
.407980
.4o7954
.408035
.408220

epejojejejole ool o oo o oo oo oNoRoNoNoNoNoNoNoloNeoNoNoloNoloNoRoloRoRoReoReRolo o Ro RoRoNo R e)

DES 128

.00215
.00217
.00239
.00272
.00290
.00297
.00309
.00340
.00391
.00467
.00607
.00743
.00718
.00519
.00356
.00262
.00224
.00200
.00185
.00183
.00185
.00166
.00149
.00144
.00135
.00140
.00155
.00170
.00195
.00206
.00184
.00163
.00161
.00163
.00156
.00145
.00138
.00146
.00161
.00165
.00148
.00129
.00137
.00162
.00158
.00133
.00122
.00152
.00175



DES 28

Table 5 (contd). LDPE 80
(TH=
3 3.457
1 3.488
17 g 3.516
18 g 3.545
19 3.574
20 3.604
12 09 3.633
22 07 3.662
123 05 3.691
124 n2 3.721
00 3-750

551771
551699

551833
551891
551872
551755
551702
551713
551837
551876
551834

(

86
0.92
90
0 86
0 84
85
0 Tf
0.74
87
0z

407992
ho7769

408186
408366
408306
407943
4o7779
407811
08196
4p8319
Lo8187

[eNeNe) o

.00183
.00195
.00189
.00179
.00175
.00174
00159
00151
.00175
00203

00222



DES 128

Table 6. LDPE 100 K.

v f n a €’ €”

(em™! (THz) (cm™1)

21.48 0.645 1.550798 0.04 2.404975 0.00048
22.46 0.674 1.550763 0.06 2.4ou864 0.00064
23.44 0.703 1.550789 0.09 2.404948 0.00090
24 .41 0.732 1.550790 0.09 2.404951 0.00096
25.39 0.762 1.550723 0.09 2.4o4741 0.00087
26.37 0.791 1.550651 0.09 2.404519 0.00085
27.34 0.820 1.550634 0.10 2.4ol4ey 0.00092
28.32 0.850 1.550688 0.12 2.404632 0.00107
29.30 0.879 1.550726 0.13 2.404752 0.00112
30.27 0.908 1.550740 0.11 2.404796 0.00090
31.25 0.938 1.550726 0.12 2.404751 0.00095
32.23 0.967 1.550684 0.13 2.4ol620 0.00101
33.20 0.996 1.550699 0.17 2.404667 0.00129
34.18 1.025 1.550736 0.21 2.404781 0.00152
35.16 1.055 1.550707 0.22 2.404693 0.00157
36.13 1.084 1.550686 0.23 2.404628 0.00156
37.11 1.113 1.550728 0.24 2.404756 0.00158
38.09 1.143 1.550781 0.24 2.4ol920 0.00156
39.06 1.172 1.550787 0.24 2.404939 0.00150
4o.o4 1.201 1.550755 0.25 2.404841 0.00152
41.02 1.230 1.550724 0.25 2.4o4743 0.00152
41.99 1.260 1.550681 0.25 2.4ob4611 0.00145
42.97 1.289 1.550653 0.25 2.4ou523 0.00146
43.95 1.318 1.550656 0.27 2.404533 0.00151
44 .92 1.348 1.550676 0.25 2.404595 0.00135
45.90 1.377 1.550697 0.23 2.404660 0.00122
46.88 1.406 1.550699 0.24 2.404668 0.00128
47.85 1.436 1.550707 0.26 2.404692 0.00135
48.83 1.465 1.550729 0.28 2.40o4761 0.00144
49.80 1.494 1.550745 0.32 2.404810 0.00157
50.78 1.523 1.550765 0.32 2.404872 0.00155
51.76 1.553 1.550774 0.31 2.404898 0.00148
52.73 1.582 1.550761 0.32 2.404861 0.00150
53.71 1.611 1.550756 0.36 2.4ou84s 0.00164
54.69 1.641 1.550732 0.39 2.404768 0.00175
55.66 1.670 1.550707 0.40 2.404692 0.00176
56.64 1.699 1.550697 0.40 2.404660 0.00173
57.62 1.729 1.550690 0.40 2.404639 0.00170
58.59 1.758 1.550704 0.41 2.404683 0.00172
59.57 1.787 1.550718 0.43 2.404725 0.00176
60.55 1.816 1.550722 0.42 2.404740 0.00171
61.52 1.846 1.550735 0.40 2.404778 0.00162
62.50 1.875 1.550742 0.42 2.404799 0.00166
63.48 1.904 1.550735 0.45 2.404779 0.00175
64 .45 1.934 1.550752 0.47 2.404833 0.00182
65.43 1.963 1.550792 0.51 2.4o4957 0.00191
66.41 1.992 1.550837 0.54 2.405096 0.00201
67.38 2.021 1.550862 0.57 2.405173 0.00210

23



DES 128

(contd). LDPE 100 K.

Table 6
v f

(cm™! (THz)
68.36 2.051
69.34 2.080
70.31 2.109
71.29 2.139
72.27 2.168
73.24 2.197
74.22 2.227
75.20 2.256
76.17 2.285
77.15 2.314
78.13 2.344
79.10 2.373
80.08 2.402
81.05 2.432
82.03 2.461
83.01 2.490
83.98 2.520
84.96 2.549
85.94 2.578
86.91 2.607
87.89 2.637
88.87 2.666
89.84 2.695
90.82 2.725
91.80 2.754
92.77 2.783
93.75 2.813
94,73 2.842
95.70 2.871
96.68 2.900
97.66 2.930
98.63 2.959
99.61 2.988
100.59 3.018
101.56 3.047
102.54 3.076
103.52 3.105
104.49 3.135
105.47 3.164
106.45 3.193
107.42 3.223
108.40 3.252
109.38 3.281
110.35 3.311
111.33 3.340
112.30 3.369
113.28 3.398
114.26 3.428
115.23 3.457

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

n

.550863
.550876
.550870
.550878
-550913
-550953
-550980
-550972
.551018
551011
550597
-549629
-549308
-549294
-549399
-549540
549627
-549711
-549790
-549820
-549830
-549885
-549987
-550064
.550102
550118
-550124
.550110
-550080
-550064
-550057
-550040
.550023
.550012
.550014
550046
.550066
550052
.550054
550056
-550091
-550206
.550291
-250239
550158
.550149
.550196
.550229
.550209

24
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405177
.4os215
.405198

.hos221
.405331
405453
405537
.bos511
.405653
.405632
.bolzyy
.4o1346
.400352
.4oo310
.4o0637
.4o1o74
401344
.4o1605
.401848
.4o1942
.401973
402143
.ho2460
.402698
.402816
.402865
.4o288y
.40o2841
402749
.402699
.4o2675
.4o2625
.ho2s72
.402537
402542
.402642
.ho2704
.402660
.402667
.4o2675
402781
.403139
.bo3bo1
.403240

.402988
.402963
.403108
.403209
.403147

OOOOOOOOOOOOOOOOOOO

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

E'

.00229
.00263
.00290
.00289
.00270
.00278
.00323
.00384
.00473
.00586
.00715
.00637
.00442
.00328
.00259
.00213
.00184
.00171
.00158
.00146
.00139
.00127
.00120
.00134
.00146
.00147
.00154
.00166
.00170
.00172
.00171
.00166
.00168
.00165
.00155
.00146
.00146
.00152
.00149
.00125
.00115
.00137
.00140
.00134
.00150
.00180
.00184
.00159
.00153



Table 6 (contd). LDPE 100 K.

v

(cm™!)

116.
117.
118.
119.
120.
121.
122.
123.
124,
125.

21
19
16
14
12
09
07
05
02
00

£
(THz)

3.486
3.516
3.545
3.574
3.604
3.633
3.662
3.691
3.721
3.750

O e bl Rl

n

-550179
.550084
550017
-549996
-549954
-550097
-550262
.550261
-550197
-550139

25

(cm™1)

0.89
0.93
0.79

0.88
0.78
0.77

0.64

MNP NMNMNODMODMNDNON

EI

.Lo3054
.402760
.402553
.4o2489
402357
.402802
.403312
.403310
.403109
.402930

oleNoloNoNoNoNoNoNo)

DES 128

.00189
.00195
.00164
.00154
.00173
.00179
.00157
.00155
.00146
.00127



DES 128

Table 7. LDPE 293 K.

v
(cm™t)

24.41
25.39
26.37
27.34
28.32
29.30
30.27
31.25
32.23
33.20
34.18
35.16
36.13
37.11
38.09
39.06
4o.ou
41.02
41.99
42.97
43.95
44 .92
45.90
46.88
47.85
48.83
49.80
50.78
51.76
52.73
53.71
54 .69
55.66
56.64
57.62
58.59
59.57
60.55
61.52
62.50
63.48
64.45
65.43
66.41
67.38
68.36
69.34
70.31

£
(THz)

0.732
0.762
0.791
0.820
0.850
0.879
0.908
0.938
0.967
0.996
1.025
1.055
1.084
1.113
1.143
1.172
1.201
1.230
1.260
1.289
1.318
1.348
1.377
1.406
1.436
1.465
1.494
1.523
1.553
1.582
1.611
1.641
1.670
1.699
1.729
1.758
1.787
1.816
1.846
1.875
1.904
1.934
1.963
1.992
2.021
2.051
2.080
2.109

1.514291
1.514252
1.514205
1.514210
1.514225
1.514230
1.514250
1.514291
1.514303
1.514238
1.514163
1.514132
1.514076
1.514080
1.514111
1.514012
1.513947
1.513985
1.513975
1.513920
1.513914
1.513957
1.513987
1.514002
1.514008
1.513982
1.513990
1.514019
1.514024
1.514027
1.514031
1.514025
1.514040
1.514080
1.514117
1.514136
1.514131
1.514109
1.514096
1.514124
1.514163
1.514188
1.514201
1.514200
1.514181
1.514140
1.514112
1.514054

26

(cm™t)

0.19
0.20
0.24
0.25
0.24
0.24
0.27
0.31
0.31
0.31

OO0
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m\

2.293076
2.292960
2.292817
2.292833
2.292877
2.292892
2.292952
2.293075
2.293113
2.292915
2.292689
2.292596
2.292426
2.292438
2.292531
2.292231
2.292034
2.292150
2.292119
2.291954
2.291936
2.292064
2.292155
2.292202
2.292220
2.292141
2.292165
2.292255
2.292269
2.292278
2.292291
2.292273
2.292316
2.292437
2.292552
2.292607
2.292594
2.292527
2.292487
2.292571
2.292688
2.292763
2.292805
2.292802
2.292743
2.292618
2.292535
2.292358

m§

0.00190
0.00192
0.00218
0.00224
0.00207
0.00195
0.00213
0.00239
0.00235
0.00224
0.00230
0.00232
0.00226
0.00234
0.00256
0.00260
0.00237
0.00216
0.00212
0.00210
0.00193
0.00187
0.00191
0.00172
0.00158
0.00164
0.00165
0.00166
0.00169
0.00165
0.00158
0.00149
0.00140
0.00145
0.00157
0.00171
0.00178
0.00182
0.00186
0.00183
0.00185
0.00197
0.00215
0.00237
0.00251
0.00261
0.00287
0.00319




DES 128
Table 7 (contd). LDPE 293 K,

v f n a €’ e”

(cm™?! (THz) (cm™?)

71.29 2.139 1.513938 0.98 2.292007 0.00333
72.27 2.168 1.513813 0.99 2.291630 0.00329
73.24 2.197 1.513746 0.94 2.291427 0.00309
7h.22 2.227 1.513710 0.88 2.291317 0.00285
75.20 2.256 1.513624 0.78 2.291058 0.00251
76.17 2.285 1.513601 0.67 2.290988 0.00211
77.15 2.314 1.513640 0.64 2.291106 0.00200
78.13 2.344 1.513665 0.66 2.291180 0.00203
79.10 2.373 1.513676 0.66 2.291214 0.00202
80.08 2.402 1.513682 0.65 2.291233 0.00195
81.05 2.432 1.513710 0.60 2.291319 0.00180
82.03 2.461 1.513757 0.59 2.291460 0.00173
83.01 2.490 1.513754 0.65 2.291451 0.00187
83.98 2.520 1.513697 0.68 2.291279 0.00195
84.96 2.549 1.513681 0.68 2.291229 0.00191
85.94 2.578 1.513673 0.65 2.291205 0.00181
86.91 2.607 1.513610 0.61 2.291015 0.00168
87.89 2.637 1.513601 0.54 2.290989 0.00147
88.87 2.666 1.513735 0.59 2.291394 0.00159
89.84 2.695 1.513738 0.66 2.291401 0.00176
90.82 2.725 1.513694 0.68 2.291268 0.00180
91.80 2.754 1.513656 0.64 2.291156 0.00168
92.77 2.783 1.513675 0.59 2.291211 0.00154
93.75 2.813 1.513686 0.65 2.291244 0.00167
94.73 2.842 1.513675 0.67 2.291212 0.00170
95.70 2.871 1.513653 0.65 2.291145 0.00164
96.68 2.900 1.513646 0.64 2.291125 0.00159
97.66 2.930 1.513667 0.69 2.291187 0.00169
98.63 2.959 1.513664 0.72 2.291180 0.00176
99.61 2.988 1.513592 0.65 2.290959 0.00158
100.59 3.018 1.513539 0.55 2.290801 0.00131
101.56 3.047 1.513586 0.57 2.290942 0.00134
102.54 3.076 1.513605 0.63 2.290999 0.00148
103.52 3.105 1.513572 0.61 2.290901 0.00143
104 .49 3.135 1.513585 0.50 2.290939 0.00116
105.47 3.164 1.513676 0.37 2.291215 0.00085
106.45 3.193 1.513724 0.38 2.291361 0.00086
107.42 3.223 1.513701 0.46 2.291291 0.00103
108.40 3.252 1.513679 0.50 2.29122Y4 0.00110
109.38 3.281 1.513677 0.50 2.291219 0.00109
110.35 3.311 1.513664 0.49 2.291178 0.00106
111.33 3.340 1.513643 0.52 2.291115 0.00112
112.30 3.369 1.513602 0.59 2.290992 0.00127
113.28 3.398 1.513611 0.61 2.291017 0.00130
114,26 3.428 1.513636 0.56 2.291093 0.00119
115.23 3.457 1.513632 0.54 2.291081 0.00113
116.21 3.486 1.513663 0.55 2.291176 0.00114
117.19 3.516 1.513668 0.56 2.291190 0.00116
118.16 3.545 1.513613 0.58 2.291024 0.00118

27



DES 128

(contd). LDPE 293 K.

Table 7
v b

(em™?! (THz)
119.14 3.574
120.12 3.604
121.09 3.633
122.07 3.662
123.05 3.691
124,02 3.721
125.00 3.750

n

1.513595
-513575
.513532
-513545
.513578
.513587
.513584

[l S T S SN

(cm™!)

0.54
0.50
0.54
0.47
0.42
0.44
0.41

28
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[ASI4N)

EI

.290970
.290910
.290780
.290818
.290917
.290946
.290936

[eNeoNe!

OO oco

e'

.00109
.00099
.00107
.00093
.00083
.00084
.00080





