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Achromatic Liquid Crystal Preliminary Study Report

1. MATERIALS

For this simulation we use two liquid crystals (LCs):
- Merck E7
- Merck ZL1-1132

E7 Ternary cutectic mixture of 47% 5CB (pentyleyanobiphenyl), 25% 7CB
(heptyloxycyanobiphenyl), 18% 80CB (octvloxyeyanobiphenyl), and
0% T15

ZLI 1132 Mixture of three tr:un.f.-—1—z|1}.':~r1-[4—::}':|nuphu:u}'l}:: yelohexanes with propyl,

pentyl, and heptyl as the alkyl groups and trans-4-pentyl-
(4 -cyanobiphenyl-4eyelohexane 24/36,/25:15

2. MODELS for BIREFRINGENCE DISPERSION

The single-band model describes the LC birefringence as a function of wavelength:

2R

An=G-
12—/15

(1)

In the Cauchy model, the ordinary and extraordinary indices are approximated by:
B C

Neo = Aot~ + 0 (2
The birefringence is:

An=n, -n, (3)
2.1 MERCK-E7

With the single-band birefringence dispersion model (Eg. 1), and the coefficient listed in [1]:

{G =3.06-10°[nm?]

Ao = 250[nm] )

the resulting birefringence vs. wavelength, in the range 450-650 nm, is shown in Fig.1:
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Ilerck—E7T Bireftingence Ve, Waselength Using Single —band model
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Figure 1 — Merck-E7 Birefringence vs. Wavelength (single-band dispersion model)

The birefringence value of 0.225 provided by ARCOPTIX is obtained for A = 645nm. This same
value of birefringence is reported in [2] for T=20C and A =589 nm. The parameters G and A, used
for this simulation are probably obtained for T=23 °C (G is temperature-dependent).

Figure 3 shows the data from [3] at T = 23 °C for the ordinary and extraordinary refractive indices.

Data from [3]
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Figure 2 — Merck-E7 ordinary and extraordinary refractive indices data from [3]
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Figure 3 shows the birefringence vs. wavelength resulting from the data of the ordinary and

extraordinary refractive indices:

Birefringence from [3]
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Figure 3 — Merck-E7 birefringence. Data from [3]
The Cauchy parameters derived from fitting these data are:

A. = 1.6985

B. = 8956.69 nm™

Ce = 2.69175x10° nm™ (5)
Ao = 1.49949

B, =6830.58 nm™

Co = 4.05656x10% nm™

Figure 4 shows the resulting fits.
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Data from [3]
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Figure 4 — Merck-E7. Fits with the 3-coefficients Cauchy Model of the ordinary

and extraordinary refractive indices

Figure 5 shows the birefringence derived from the fitted data with Eq. 3
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Figure 5 — Merck-E7. Birefringence using 3-coefficients Cauchy Model
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According to [2], the birefringence is 0.225 at 584 nm. Fitting this curve with a single-band
dispersion model (Eqg. 1), we obtain [FitA]:

G =3.038-10°[nm ]
Ay = 246.8[nm]

(6)

Setting 4, = 250nm, we obtain: G = 2.94-10"°[nm~*] [FitB].
Figure 6 shows [FitA], [FitB] and difference between n. and n, [FitC].

Birefringence
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— FitC
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Figure 6 — Merck-E7. Birefringences from the single-band model compared to that

from the Cauchy model

Introducing the coefficients derived from the fits (Egs. 5) in the Cauchy model (Eq. 4), the
expression for the birefringence dispersion is:

B-B C -C
An(A)=n,-n, =A, - A + eﬂz %+ 8/14 9

6830.58 4.05656-10°
A2 " A4

=0.19904 +

2126.11 s 2.28609-10°
2

a 7)

n, (1) =1.4995 +
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2.2 MERCK ZL1-1132

Bibliography on this Nematic Liquid Crystal is not as extensive as for E7.

The parameters for the single-band dispersion model are [1]:

G =3.15-10"°[nm?

{/10 =198[nm] [ ] ®)
The birefringence value of 0.1396, found at 589 nm in [2], is obtained at 583 nm with these

parameters.

Ilerck ZLI-1132 Bireftingence Vs, Wavelength Using Single —band model
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Figure 7 — Merck ZLI1-1132 Birefringence vs. Wavelength using Single-band

dispersion model

From the data in [4], the ordinary and extraordinary refractive indices are:

A = 1.3758

Be = 138122 nm™

Ce = -1.73186x10'° nm™ 9)
A, = 1.26867

B, = 125866 nm™
C, = -1.6666x10'° nm™
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Figure 8 and 9 show the ordinary and extraordinary refractive indices and the birefringence,

respectively:

Data from [3] and fit using Cauchy model
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Figure 8 — Merck ZL1-1132. Fits with the 3-coefficients Cauchy Model of the

ordinary and extraordinary refractive indices
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Merck ZL1-1132. Birefringence with the Cauchy Model
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The fit with single-band dispersion model (1), gives the parameters: [FitA]

{G =2.688-10°[nm?]

(10)
Ay, = 210.815[nm]

If 1, =198nm, then: G =3.12-10°[nm~*] [FitB].
Figure 10 compares the single-band [FitA], [FitB] and Cauchy models [FitC].

Birefringence
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Birefringence
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Figure 10 — Merck ZL1-1132. Birefringence from single-band [FitA], [FitB] and
Cauchy [FitC]s models

Introducing the coefficients derived from the fits (Egs. 9) in the Cauchy model (Eqg. 4), the

expression for the birefringence dispersion is:

B, C

o 12256 6.521-10°

2 A

e

B — —
An(A)=n,—-n,=A —-A + e/lz 4C° =0.10713 +
125866 1.66665-10"

2z

(11)
n, (1) =1.26867 +
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3. ACHROMATIC LC PLATE WITH FIXED HALF-WAVE RETARDATION

If two LC layers are oriented with the molecules pointing in  orthogonal directions then the
retardance of the 2 layers subtracts. The overall retardance is determined by the difference in
thickness between the two LC layers. By using two different LC materials, with different
dispersions, the thickness of the layers can be adjusted while keeping the retardance difference
fixed, so that the net retardance is wavelength insensitive. This is known as “dispersion

balancing”:

AN (4)-dic—An,(4)-d i, =4-p (i=a,b) (12)

where d .,,d c,are the thicknesses of the first and second LC layer, and A, (i=a,b) the
wavelength range where the retardance, p, is achromatic.

As an example of dispersion balancing, we use the Cauchy models (Egs. 7, 11) of the birefringence
vs. wavelength of the E7 and ZLI-1132 LCs and combine them to obtain a LC wave-plate with

fixed half-wave retardance: p=1/2. Figure 11 and 12 show the birefringence and the ordinary

indices of those LCs materials, respectively.

Bireftingence Vs, Wavelength

- Merck FLI-1132

022 r

014 R .

00 520 540 560 580 i)
Winrelength [ram)

Figure 11 -Birefringence vs. Wavelength for the selected LCs
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Figure 12 —Ordinary refractive index (no) vs. Wavelength for the selected LCs

We optimize the achromaticity of the LC half-plate retarder by varying the LCs layers thicknesses

and wavelength ranges with three different cases:

Case #1:
A, =500nm; 4, =600nm

d ¢, =12097.5nm; d, ., = 21982 nm
Case #2:

A, =530nm; 4, =570nm

d ¢, =13404nm; d ., = 24019 nm
Case #3:

A, =515nm; 4, =585nm

d,c, =12865nm; d ., =23179nm

These three cases are showed in Fig.13. Case#2 minimizes the area in the graph with half-wave

retardance.
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Half —Ware Simulation
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Figure 13 —Half Wave Simulation using theoretical thickness

The LCs thicknesses commercially available to ARCOPTIX are: 4.5, 6.5, 7.5, 10, 20 and 100 um.
The thicknesses closest to the theoretical ones are 10 and 20 um for E7 and ZL1-1132, respectively.
The resulting retardance vs. wavelength is plotted in Fig.14. In the [500, 600] nm range, the average

retardance is 0.9 wave.
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Figure 14 -Dispersion balancing simulation using commercial thickness.
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Using thickness of 4.5 and 10 um for E7 and ZL1-1132 respectively, we obtain retardance showed

in fig. 15. Average retardance is 0.65 waves.

Half —Ware Sireoalation
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Figure 15 -Dispersion balancing simulation using commercial thicknesses of 4.5

(E7) and 10 um (ZL1-1132).

4. ACHROMATIC LC VARIABLE RETARDER

We extend the approach of dispersion balancing to combine two LC layers that result in an

achromatic response for different retardances in a given wavelength range. In order for the LC pair

to be achromatic and tunable within a given retardance and wavelength range, the dispersion

balancing (Eqg. 12) should be maintained for different tilt angles, 9, of the LC molecules about the

optical axis.

The effective retardance variation, p, vs. tilt angle and wavelength is given by:

A-p(9) =An(4,9)-d

where the effective birefringence, An, is given by: [6, 7]

AR(A,9) =

n, +An

[

2AN

0

+

An?

0

> j~sin2(.9)

~ An (1—sin2.9)—§
8 n

(13)

An?

sin®29  (14)

(]
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Plots of the effective retardances for E7 and ZL1-1132 as a function of wavelength and tilt angle are

shown in Fig. 16.

1
—z

i}
Tiltfnsle[rad]

Figure 16 — Retardances as a function of wavelength and tilt angle for E7 (upper
surface) and ZL1-1132 (lower).

Given the wavelength range [4a, 4] = [500, 600] nm, and the retardance range [ p,, p,]1 = [0, 3/4] A,

the extremes of the tilt angles range [ 9o, $1], and the thicknesses, dic1, dicz , of the two-layer
tunable LC are derived by solving the four dispersion-balancing equations in four unknowns (3o,

J1and dici, dico):

AﬁLCl(ﬂi"90)'ch1_Aﬁch(/l,i"go)'chz :Ai ',50('90) (i :a:b)

(15)
AN (4,8)d o —AN, (4, 8)-d ¢, =4 -p(&) (1=2a,b)
Zero-retardance is achieved for 9, =z /2 (i.e., high bias voltages):
AﬁLCl(/li 10) -d LC1 _AﬁLCZ (ﬂ,i ) 0) -d Lc2 = 0 (i =a, b) (16)

The approach to design an achromatic LC variable retarder (ALCVR) entails two steps:

1) The thicknesses of the two LC layers are derived by first setting 4 =0(i.e., low bias

voltages) and solving the dispersion-balancing equations for the 3/4-wave retardance. In this
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case, the dispersion-balancing equations reduce to those with the standard (i.e., not

effective) ordinary and extraordinary indices:

AnLCl(ﬂvi)'dLm _AnLCZ(ﬂ,i)'dLCZ =/1i -3/4 (i = a’b) (17)

We optimize the achromaticity of the LC 3/4-wave plate retarder by varying the LCs layers

thicknesses and wavelength ranges with three different cases:

Case #1:
A, =500nm; 4, =600nm

d ¢, =18146nm; d, ., =32973nm
Case #2:

A, =530nm; 4, =570nm

d ¢, =20105nm; d,., =36029nm
Case #3:

A, =515nm; 4, =585nm

d ¢ =19298nm; d, ., =34769nm

These three cases are showed in Fig.17. Case#2 minimizes the area in the graph with 0.75-wave

retardance.

3/4—Warre Sirrnlation

1 — zma

1— caseml

(L] - hn2wh2) A,

0.74F
073k

{1 —  Casm

1 — cweas

A00 510

540 560 580 600
Wranrelevzth [ram ]

Figure 17 -3/4-Wave Simulation using theoretical thickness
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Then wave plates thicknesses are 20 um for E7 and 36 um for ZLI1-1132. Using this thicknesses, we
obtain (Fig. 18):

34— Wave Siroulation

KLY
= L
= _
2 076t
3
o 0T ]
ks — E7/7LI-1132
g

0.7t

0.70 ks , , . . g

500 520 540 560 550 &0

Warelerigth [ram]

Figure 18 -3/4-Wave Simulation using thicknesses of 20 um for E7 and 36 um for

ZLI-1132

Using commercial thicknesses of 20 and 100 um, we obtain (fig.18a):

19-

170

(Anlxd1-An2:h2)/A

16

15 ; | | | | | |
500 520 540 560 580 600

Wavelength [nm]

Figure 18a- Variable Retarder Simulation using thicknesses of 20 um for E7

and 100 um for ZLI1-1132
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2) Then, the tilt angles are varied within the range 0 < $ <z /2, and the achromaticity of the

effective retardances is verified as the latter vary within the range 0< p($) <3/4, in the

dispersion-balancing equations (15) .

Plot of effective retardance vs. wavelength for different tilt angle values for 2 materials is in fig.
19. Materials used for this simulation are:

- ET7 (thickness: 20um);

- ZLI1-1132 (thickness: 36um).

08 ET T I T T |
f//:—— #=0rad

06 K = §=0.42 rac
,/ ,

- I —  0=0.82 ra

—  6=1.09 rac

0.2 i T  6=n/2rad
0.0 ;\ | | | | | | | | | | | | | | | | | | | \;
500 520 540 560 580 600

Wavelength [nm]

Figure 19 —Plot of effective retardance vs. wavelength (thicknesses: 20um, 36um)

Using proposed thickness of 10 and 20 um, plot is the follow (fig.20).
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Figure 20 —Plot of effective retardance vs. wavelength for thicknesses of 10 and

20 um

Using commercial thicknesses of 20 and 100 um, retardance is the follow (fig. 21):

=047 rad ]

Lo T 8=042x 1ad ]

&
0.5 I =044~ rad |
i ——
b O=r/inad]
500 520 540 560 580 GO0

Wavelength [1m]

Figure 21 —Plot of effective retardance vs. wavelength for thicknesses of

20 and 100 um
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5. EVALUATION of MODULATION FACTOR

Introducing values:

1), 1| or 2
Ko =5 14— [cosl2zp, (. ))da + [sin[27p, (9, )it @=12,34 (18)

“ 2
A A

Where:

- A, is the central-wavelength;

- AZ is the bandwidth;
-p, (3, 4) is the equation of retardance (p) vs. wavelength (1), for S (tilt angle) that give

retardance values of 0, 0.25, 0.5 and 0.75 waves at 4, (a =1,2,3,4 respectively).

We define the modulation factors:

_Kl_KS

TR K,
(19)

_Kz_K4

7KK,

And the average of modulation factors:

_ 2 \/(Kl_K3)2+(K2_K4)2
M =—= (20)
V2 K +K,+K,+K,

At A, =550nm, using LCs thicknesses of 10 and 20 pum:

P, =0 :19:%[rad]
p, =025 = 9=1.059rad]

(21)
p; =05 = 9=0.790[rad]

p, =075 = 9=0.486[rad]

Plots of modulation factor . vs. bandwidth are shown in Fig. 22. For a 100 nm bandwidth, from

500 to 600nm, we have:
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u, =0.975
4 =0.953 (22)
. =0.964
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N
o
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Figure 22 -Plot of average of modulation factors (u*) vs. bandwidth for

thicknesses of 10 and 20 um

Using theoretical thicknesses of 20 and 36 um and values of tilt angles reported in (23) we obtain

the values plotted in Fig.23.

p, =0 :Szg[rad]

p, =025 = 9=1.09[rad]
(23)
P, =05 = 9=0.82[rad]

p, =075 = §=0.42[rad]

For a bandwidth of 100 nm:
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M
7
/’l‘k

Modulation Factor

—0.970
=0.909 (24)
=0.939
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Figure 23 -Plot of average of modulation factors (u*) vs. modulation factors vs.

bandwidth for thicknesses of 20 and 36 um

6. CONCLUSIONS

Resuming:

Thicknesses of 10 and 20 um give us maximum chromaticity of 15%, maximum retardance
is 0.9 waves and modulation factors are: 0.975 and 0.953 for x, and for 4 and an average
of 0.964 ;

Ideal thicknesses are 20 and 36 um that give us retardance of 0.75-wave, maximum
chromaticity less than 10% and modulation factors greater than 0.94, but this thicknesses are

not commercially.
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APPENDIX A — ALCVR Review of the Requirements
Using the same format of [Draftl], the requirements for Achromatic LCVRs are:

Id. Requirement Value Verif. Comments

F-3 | Operational Wavelength | 500 — 600 nm T Achromatic range for ALCVRs
F-5 Retardation Range 0-0.75A T

F-7 Retardance variation <5% T In the achromatic range
F-8 Acceptance Angle + 3 degrees T

[Draftl]: Review of the Requirements and technology Review Report LCVR-INTA-TN-001

APPENDIX B - Science Requirements

In the range of wavelength 500 < A < 600 nm, we want to measure polarization with precision of:

AP, ~——— <10 B.1
K—-Corona /U . SNR ( )

Where u is the modulation factor and SNR is the signal to noise ratio.
The polarization of K-Corona is of order of:

P _corona 107 (B.2)
Than, assuming x =~ 1, we obtain:

Au~107 (B.3)

For small departure from the achromatism, the Taylor expansion of Eq. 18:
1 1 2
K, =3 1+ 1—5(2@,0) +27Ap (B.4)
we obtain the following rule of thumb:
Au = % @27 Ap)’ (B.5)

Where p is the retardance.
From B.4 and B.3, we obtain:

Ap = 107 (Bﬁ)

This result is in good agreement with the numerical simulation and results resumed in section 6 of

this document.



