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Abstract. We present an optical design of a near-IR (at Fel15648.5 A)
birefringent filter system that is used. to form a magnetograph to obtain
chromatic images of the sun and measure the solar magnetic field at the
Big Bear Solar Observatory (BBSO). This magnetograph consists of an
interference prefilter, a polarization analyzer, a wavelength-tunable bire-
fringent filter, and a Fabry-Perot Etalon. This system is expected to
achieve a clean narrow pass band of 1/8 A. It can also be tuned across
the spectral line to obtain line profiles of 2-D fields of view. During the
design of the tunable near-IR birefringent fiiter and the testing of its com-
ponents, we found that the value of the birefringent index w(ns,—n,) of
calcite at a spectral range near 15648.5 A is different from the value
quoted in the literature. Because the birefringent index is important for
the design of optical components, the birefringent index of calcite and its
thermal coefficient were measured. Test results of the four pairs of cal-
cite plates used in the birefringent filter are presented. © 2001 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1367350]

Subject terms: near-infrared; birefringent filter; calcite; birefringent index; Zee-
man effect.

~Paper 200425 received Oct. 30, 2000; revised manuscript received Jan. 24,
-.~2001; accepted for publication Jan. 24, 2001.

0091-3286/2001/$15.00 © 2001 Society of Photo-Optical Instrumentation Engineers



Wang et al.: Optical design of a near-infrared birefringent . . .

1 Introduction

The study of magnetic fields on the sun is critical to the
research of solar phenomena. Narrow passband birefringent
filters play a very important role in solar magnetographs,
which measure the strength and direction of magnetic fields
on the sun. Currently, most ma%netographs operate in the
wavelength range of visible light'~* (from 4000 to 7000 A).
According to the Zeeman effect, the splitting of solar spec-
tral lines, AN, which is due to the solar magnetic field, is
proportional to g\?B, where \ is the wavelength of the
Zeeman sensitive line, g is the Lande factor of the line, and
B is the magnetic field strength. Usually, large sunspots
possess strong magnetic fields—on the order of 2000 to
3000 Gauss. However, in other solar features such as
plages, the magnetic fields are only about 1000 to 1500
Gauss, and there exist weak, subkilogauss fields in other
structures, such as the intranetwork magnetic fields.’> The
Zeeman splitting induced by a subkilogauss field is too
small to be measured®’ in the visible spectrum. For
example, if A=5250.2 A (with g=3.0) and B=1000G,
AN=47X10"1%  gA?B=4.7x10" X3 X 5250%X 1000
=0.039 A. However, for a near inf_raréd line, " e.g.,
Fel15648.5 A (with g=3.0), the Zeeman splitting A\
(<gA\2B) would be much larger for the same magnetic
field. If B=1000G, AA=4.7X10"13 gA\?B=4.7x10"1
X 3 X 15648.52X 1000=0.35 A. The Zeeman splitting of
an infrared line is almost ten times as that with a visible
line with a given B field. Therefore, weaker magnetic field
strengths can be more precisely measured using near infra-
red lines.

It has been shown that magnetic field strengths can be

measured as low as 100 Gauss by using the line ratio be- .

tween Fel15648.5 A and Fel15652.9 A lines.® Fel15648.5
A (’D;—3d%s5p" DY) is a Zeeman triplet with a Lande
factor g of 3 and the strongest spectral line in the H-band.
Fel15652.9 A (f'Ds—(9/2)[7/2]3) has a Lande factor g of
1.53 and corresponds to a weaker spectral transmission.
The use of infrared lines as probes of solar magnetic fea-
tures has been discussed in detail by Solanki, Rnedi, and
Livinston.? Therefore, we choose Fell5648.5 A as the
working wavelength of the near-IR filter system to measure
the solar magnetic field. ‘ '

From a technical point of view, the fabrication of an
infrared filter system is much more difficult than a similar
filter in visible light because testing the IR filter compo-
nents is not as easy as in the visible. Nevertheless, the
enormous technical progress made in recent years on infra-
red cameras, Fabry-Perot Etalons, and other IR optical
components have led to the possibility of adequately testing
and fabricating an IR filter system.

We use a near-infrared InGaAs camera built by Sensors
Unlimited. This camera is 12 bit, has 320X 240 pixels, and
is sensitive from 10,000 to 17,000 A. It is used to test some
of the optical components of this IR filter system in addi-
tion to near-IR solar observations. This birefringent filter
will be used as a prefilter for a Fabry-Perot. In the design of
a birefringent filter, the most important parameter is the
birefringent index w(n,—n,) of the calcite. However, the
values of u in the near-infrared region quoted in the litera-
ture are not precise enough for applications in optical de-
sign. The spectrograph at the Big Bear Solar Observatory

Prefilter P&ﬁat;’lzation Fabry-Perot
nalyzer - Birefringent Filter IR Camera

1T G
I i

Fig. 1 Scheme of the IR magnetograph.

(BBSO) was used to measure the birefringent index, at a
constant temperature, of a sample calcite crystal and to test
the four pairs of calcite that will be used in the actual bire-
fringent filter. We emphasize the measurement of the cal-
cite birefringent ‘index and the design of the entire filter
system, especially the birefringent filter. An analysis of the
results will be presented and discussed.

2 Description of the Magnetograph

A typical magnetograph has three stages: interference pre-
filter, magnetic analyzer, and a narrow-band filter. The op-
tical scheme of the entire near-IR filter system under con-
struction is presented in Fig. 1. The full-width-half-
maximum (FWHM) of the interference prefilter is about 30
A. The magnetic analyzer is usually an electro-optical
modulator, e.g., KDP(KH,PO,) or DKDP(KD,PO,) crys-
tal. However, these electro-optical modulators are difficult
to control because they tend to require high voltages (a few
thousands volts). Hence, we have chosen an approach that
consists of a quarter waveplate and liquid crystal variable
retarder, which is controlled with low voltages as the
analyzer.” The narrow-band filter is the most important part
and is difficult to construct. The requirements for high
spectral resolution, high throughput, and tunability have led
us to the consideration of a combination of a Fabry-Perot
Etalon (narrower passband) and a birefringent filter (wider
passband). The birefringent filter, designed below, will be
used as a prefilter to eliminate the side bands of the Fabry-
Perot.

The Fabry-Perot, being constructed by Queensgate In-
struments, has the same specifications as the IR Fabry-
Perot currently being used at National Solar Observatory/
Sac Peak. The characteristics of the Fabry-Perot have been
measured using the horizontal spectrograph (HSG) at NSO/
Sac Peak!® (Table 1). From Table 1, we see that the free
spectral range (FSR)— the separation between two maxi-
mum values of the passbands— is 5.517 A and the FWHM
of this Etalon is 0.119 A (about 1/8 A). These values satisfy
the requirement for the proposed IR magnetograph.

Table 1 The measured characteristics of the narrow-band Fabry-
Perot at 15231 A and calculated values at 15648.5 A™,

Measured Calculated
Value at Value at
Characteristics 15231.0 A 15648.5 A

Plate Separation 22193777 A 22193777 A
FWHM 0.113 A 0.119 A
Free Spectral 5.225 A 5517 A
Range Finess 46.24 46.36
Transmission 78% e
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Fig. 2 Principle of the measurement. The | represents polarizer di-
rection along the surface, and / represents the direction of the opti-
cal axis along the surface of the calcite plate.

3 Measurement of the Caicite Birefringent Index

3.1 Principle of Measurements

If polarized light is passed though a birefringent crystal,
e.g., a plate of calcite, with the optical axis z of the crystal
parallel to the face and 45 deg to the polarization direction
of entrance light, it is split into.two rays, the ordinary (o)
component and the extraordinary (¢) component. The o and
e components experience different refractive indices n, and
n,, respectively. The difference between n, and n,, ie.,
p(N,T)=n,~n,, is known as the birefringent index and is
a function of wavelength \'(dispersion) and temperature T
(thermal effects). The value of u for calcite is negative and
positive for quartz (another birefringent crystal). The phase
difference & between the e and o components is given by:

n,—n,)d d :
g——x—l—=2'ﬂ£§—=270‘, (1)

6=21m
where d is the thickness of the birefringent crystal, o
= pud/\ is called retardation, and \ is the wavelength of
light. If a birefringent crystal b is sandwiched between two
parallel polarizers (Fig. 2), the output is the interference
pattern of the e and o components, given by:

é d
= cos2( E) = cosz( EX— 77) =cos?(o ), )

where 7 is the transmission at a particular wavelength A.

When the retardation o= ud/\ is an integer, the trans-
mission 7 will be maximized, whereas it will be minimized
if o is a half integer. If p is the wavelength separation of
two maximum peaks of the transmission at the same tem-
perature T, we have

- pd _pd  pd P

n==s and n+1—)\+p~-):—(1 )\). 3)
From Eq. (3), we get

_ g _nh A2 4
"= e I pd’ @

Therefore, if we can measure p, we can calculate u using
Eq. (4).

1018 Optical Engineering, Vol. 40 No. 6, June 2001

v

San light from the
26-inch telescope f
]
1

d

Roaue)
amprdmo],
AUBIUCT) PITEIOSE]

N

Control ,
Computer y
IR Camera 210 mm Lens I hd
x
D <;=:>| l] - [ - Stis
[: '?
=1
!
245 mm i

Fig. 3 Setup of the instrument for measuring the calcite birefringent
index. :

3.2 Calcite Birefringent Index and Its Therma/
Coefficient

The birefringent index of calcite, u=n,—n,, is a function
of wavelength A and temperature 7. Therefore, when mea-
suring u, the temperature of calcite must be stabilized with
a controller (of accuracy +0.1°C at least). A sample calcite
plate with a thickness of dy=10498.0*+3.0um at T
=69.0°F (21.56°C) was used in this measurement. The
thermal expansion coefficient along the direction perpen-
dicular to the optical axis of calcite is 8=—3.7X107¢/K
(see Ref. 11).

3.2.1 Setup of the instrument and the interference
- images

Figure 3 shows the setup for the test with the spectrograph
at BBSO. First, the two polarizers, P, and P,, are sepa-
rately mounted on accurate rotators, and are set to be par-
allel to each other and to one of the inner sides of the
insulated container. The sample of calcite is square and the
optical axis of the calcite plate is along the surface and
45.0deg=2’ to its one side.

The sunlight from the 26-in telescope enters the ther-
mally insulated container and is focused on the slit before
being incident on the grating. From the grating, it proceeds
to the IR camera and subsequently to the online computer

for image acquisition and analysis. We first obtain the spec-

 tral image [Fig. 4(j)] for dispersion and wavelength calibra-
tion without the calcite inside the container. With the
sample of calcite inside the container, the transmission im-
ages (interference patterns) at different temperatures (Fig.
4) can be obtained. The interference pattern shifts to a
shorter wavelength with increasing temperature due to
variations in the birefringent index and thickness of the
calcite.

3.2.2 Birefringent index at room temperature (21°C)
and at the filter working temperature (43°C)

From Fig. 4(j) we can obtain the spectral profile versus
pixel position or wavelength \ (Fig. 5). Figure 5 shows a
sample spectral profile near Fel15648.5 A. Two lines L1,
L2, whose wavelengths are A(L.1)=15621.695 A, AL2)
=15662.012 A, can be seen in the figure. A spectral reso-
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Fig. 4 Transmission images at different temperatures: (a) T=11°C, (b) T=15°C, (¢) T=19°C, (d)
T=21°C, (e) T=23°C, (f) T=28°C, (g) T=33°C, (h) T=37°C, (i) T=43°C, and (j) spectral image

near 15648.5 A.

lution of 0.2940 A/pixel is obtained from this data. This
resolution results from dividing the spectral range by the
number of pixels in the x-axis of the image. Thus, the
wavelength corresponding to each pixel may be calculated
and the x-axis can be translated into wavelength. Although
the background of the images is not uniform, it does. not
affect the analysis of the data.

Figure 6 is the normalized transmission profiles of the
sample calcite with respect to wavelength at room tempera-
ture 7=21°C and the filter operating temperature T
=43°C. The separation between the two maximum peaks
p is measured as p(21°C)=13.156 A and p(43°C)
=13.176 A. Using Eq. (4), we get n(A=15648.5 A,
T=21°C)=—15648.5 A/13.156 A=—1189.4356  and
n(A=15648.5 A, T=43°C)=—15648.5 A/13.176 A
=—1187.6662. Because the thickness of the calcite is
d(21°Cy=dy(1+ BAT)=10498.03 um and d(43°C)
=dy(1+ BAT)=10497.18 um, using Eq. (5) we obtain,

w(A=15648.5 A,T=21°C)=n\/d(21°C)~—0.1772989,
(5)

187

1651

144}

Transmittance

122¢

10l ‘ . .-
0 50 100 156 200
Wavelength (pixel)

Fig. 5 Spectral profile near Fel15648.5 A, L,,L, represent the two
lines for calibrating the spectral resolution.

w(AN=15648.5 A, T=43°C)=n\/d(43°C)~ —0.1770494.
©)

The accuracy in the measurement of p is about Ap
~#+0.03 A (0.2940 A has been approximated to 0.3 A and
the error during data analysis in 0.3 A/10=0.03 A) and
Ad=~ *3.0 um. Therefore, the error in the measurement of

M is:
Ap~u(Aplp+Adid)~*45x 1074 (7
Thus,
w(N=15648.5 A, T=21°C)~—0.17730=4.5X 1074, (8)

w(N=15648.5 A, T=43°C)~—0.17705+4.5X107*. (9)

3.2.3 Thermal coefficients of the birefringent index

Although we determined the birefringent index of calcite at
T=21°C and T=43°C, we could not calculate the thermal
coefficient of u using these indices because of the measure-
ment error. In this section, the thermal coefficients of cal-
cite are measured independent of the birefringent index u
and thickness of the sample. Figure 4 clearly shows the
shifts to the blue (short wavelength) end of the spectrum for
the maximum peaks with an increase in temperature. These
shifts are due to the variation of wx and shrinking of the
calcite thickness as temperature increases. If « is the ther-
mal coefficient of w, and B is the thermal expansion coef-
ficient, we have

m(T2)~p(T)(1+aAT), (10)
and
d(T,)=~d(T)(1+ BAT), (11

Optical Engineering, Vol. 40 No. 6, June 2001 1019
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Fig. 6 The normalized transmission profiles of the sample-calcite at (a) T=21°C and (b) T=43°C.

The dashed lines indicate the Fel15648.5 A line.

where AT=T,—T, ,8=—3.7><10‘6/K. The higher or-
ders of AT are ignored.

For a specific peak of intensity, let the retardation be » at
a specific temperature 7; and let the position be N; as
shown in Fig. 4. The position of the peak will shift from A4
to A, as the temperature increases, where AN=Ny—\y.
Therefore, we have

d
at T,, n="21 12)
A
T _ Hody  pi(1+aAT)d,(1+BAT)
atdy, = N+ AN
,U/Id A)\
1+aAT+[>’AT—-— (13)

1

The higher order terms are neglected in Eq. (13). Combin-
ing Egs. (12) and (13), we obtain

AX

a+,3=m.

(14)

Knowing the wavelengths at which the peaks occur
(marked as n in Fig. 4) and with the use of Eq. (14), we get
the results for & as shown in Table 2. The « is obtained by
subtracting B from values of a+ . The thermal coeffi-

Table 2 Measurement results for the thermal coefficient of the bire-
fringent index. ;

Temperature Wavelength at a+p a
(°C) peak n (A) (1075/°C)  (1075/°C)
11.3 15664.768 —5.69 —5.32
15.2 15661.293 -5.81 —_5.51
19.2 15657.494 -5.85 —5.48
21.2 15655.727 -5.97 —5.60
23.0 15653.952 —-5.78 -5.41
28.0 15649.833 -5.23 —4.86
33.0 15645.772 - —5.49 -5.12
37.0 15642.153 -5.93 ~5.56
43.0 15636.444 —6.08 -5.71

Average: —-5.37
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cient, , and the thermal expansion coefficient, 3, are prop-
erties of calcite that are independent of the thickness of the
crystal and its birefringent index.

The values in Table 2 show some variation of a with
respect to temperature. The average value of a is about
—5.37X1075. We use this value to get the birefringent
index of calcite at 43°C,

((43°C)~ u(21°C)[1.0+(43.0°C-21.2°C)

X (~5.37%1075/°C)]~ —0.17709. (15)
This value of u at 43°C matches quite well with the value
obtained in Eq. (9). Note that the values of « in Table 2 are

-in accordance with the data reported in the literature.'?

4 Optical Désign of the Near-IR Birefringent
Filter

Blrefnngent filters ﬁrst began to be used in solar instru-
ments in the 1930s.!> Usually, a birefringent filter includes
several elements. One element consists of a birefringent
crystal plate sandwiched between two parallel ‘or crossed
linear polarizers. If there is a sequence of elements, each
containing -a birefringent crystal plate with half the thick-
ness of the previous element, a birefringent filter is formed.
In 1949, Evans developed the “‘wide field’’ configuration
to reduce the retardation error due-to the field of view
caused by the nonnormal incidence of light.!* This method
has been widely used in the design of a variety of birefrin-
gent filters. In a b1refr1ngent filter with the *‘wide field”’
configuration, the calcite plate is split into two equally_ thick
parts and a half waveplate is sandwiched between ther.

LC Ic L LC

PCHC {P C ¥ C lPC'/zCPC%ClP

’I/l\\l 7 1 N NIZINNVIN

Fig. 7 Scheme of the optical design of the near-IR birefringent filter:
P=polarizer, C=calcite, 1/2=wide-field half waveplate, and LC
=liquid crystal variable retarder. The | represents polarization direc-
tion of the polarizers or the direction of optical axis of the 1/2 wave-
plates, / or \ represents the direction of the optical axis of the calcite
plate or the liquid crystal retarder.
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Table 3 Design parameters of the birefringent filter.

Element # FWHM(A) Material Thickness (mm) Retardations Field of View Shape/Size
1 2.5 Calcite 13.838%2 3128 Wide Octagon/37.00x37.00 mm
2 5.0 Calcite 6.912x2 1564 Wide Octagon/37.00x37.00 mm
3 10.0 Calcite 3.460x2 782 Wide Octagon/37.00x37.00 mm
4 20.0 Calcite 1.730%2 391 Wide Octagon/37.00x37.00 mm

Waveplate — Quartz 2.00~3.00 mm 3 — Octagon/37.00%37.00 mm

Polarizer — Corning, Inc 2.00~3.00 mm — - -
4.1 Scheme of the Optical Design of the Near-IR Because the free spectral range of the Fabry-Perot Eta-

Birefringent Filter

In the design of our near-IR birefringent filter, we use the
wide field configuration. Liquid crystal variable retarders
are used to tune the passband of the filter. Figure 7 shows a
scheme of the optical design of the near-IR birefringent
filter.

The linear polarizers are parallel to each other. This fil-
ter includes four elements: dy, d,=d /2, d3=d /4, d,
=d/8. The transmission 7 of this filter is given by:

d
cosz( 77—"2+A2

. ud
T=\cos2( 77-"-]:-—1 +A, x

A

X cos? (16)

d d
w%%—zﬁ)cosz( w%%—A‘t),

where A;, i=1,2,3,4, are the phase differences given by
the liquid crystal variable retarders to shift the wavelength
of the passband within a period in every element.

15624.35 15630.62 15654.90 15670.17 15885.44

Wavelength (&)

lon is about 5.5 A, the FWHM of the narrowest element in
this infrared birefringent filter must be less than 5.5 A to
properly eliminate the side peaks of the Fabry-Perot. To
reduce the side band effect, the FWHM of the narrowest
element of the filter must be approximately 2.5 A. In Table
3, the design parameters of the filter are presented.

This birefringent filter is designed to be tunable so that
the passband can cover the two magnetically sensitive lines
at Fel15648.5 A (g=3) and Fel15652.8 A (g=1.53). An
advantage of a tunable filter is that the wavelength of the
passband can be easily calibrated and we can use both lines
to measure magnetic fields.

4.2 Half Waveplates

The half waveplates are used for the wide-field configura-
tion elements. Using the equation ud,/N=1/2, we obtain
the thickness of a zero-order half waveplate for quartz as
the material of choice,

PV
JAVAV
N

1. N
i
05

Transmittance

0.0 L
15624.35 15538.82 15854.80 18670.17 15685.44

Wavelength N

Fig. 8 Transmission image of each pair of calcite and simulated passband of the near-IR birefringent
filter: (a) through (d) transmission images of the calcite elements; (f) through (i) normalized profiles of
the transmission images; (e) simulated passband of the filter [product of image (a), (b), (c), and (d)],
and (j) normalized simulation profile of the passband of the filter.
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Table 4 Measurement results for every pair of calcite used in the
near-IR birefringent filter.

Transmissidn Separation between FWHM
image two peaks (A) A
(a) 4.813 2.407
(b) 9.630 4815
() 19.13 9.565
(d) 38.52 19.26
Simulated passband — 2.254
of filter
4o ) 15648.5X 107 mm 0.089 o
P om, | 2x000879 oo a7

From mechanical considerations, the numerical value of
dip in Eq. (15) is very small. We can design the waveplate
consisting of two crossed quartz plates with a thickness
difference between them of 0.089 mm, i.e., Ad=d,;—d,
=d,p. The optical axis of the waveplate will be along that
of the thicker plate.

4.3 Testing the Four Pairs of Calcite with the
Spectrograph

We tested the four pairs of calcite that to be used in the IR
birefringent filter on the spectrograph of BBSO. The setup
of the instrument is the same as in Fig. 3. The working
temperature is set to 43.0°C with an accuracy +0.1°C. Po-
larizer P, is parallel to P, and a half waveplate is sand-
wiched between a pair of calcite crystals just as in the
wide-field configuration.

The test results shown in Fig. 8 show the transmission
image of the elements 1. (d), 2. (d,), 3. (d3), and 4.
(dy), respectively. To simulate the passband of the filter,
we shift Figs. 8(a), 8(c), and 8(d) slightly to align the
peaks. This task will be performed by the liquid crystal
variable retarders in the working filter. In Table 4, the ex-
perimentally measured values are listed and these are the
average between the peaks near Fel15648.5 A. The FWHM
of the near-IR filter is approximately 2.254 A.

The data in Table 4, obtained from testing and the simu-
lated passband profile of the birefringent filter [in Fig. 8(j)],
show that the thickness of the four calcite pairs are matched
to each other and will perform to our desired specifications
of the filter. Due to the nonuniformity in the brightness of
the background on the images, the value of the lowest in-
tensity in Figs. 8(f) and 8(g) are not equal to zero. There-
fore, the side band in Fig. 8(j) is slightly higher than that in
the theoretical case. When the pairs of calcite crystal are
used in the construction of the actual near-IR birefringent
filter, and the filter is used in the uniform light beam of a
telescope, the side bands should be reduced to lower val-
ues.

5 Conclusions

We have designed a near-IR birefringent filter for the mea-
surement of the solar magnetic field at BBSO. The four
pairs of calcite elements used in this filter were completely
polished and tested on the spectrograph at BBSO. The test

1022 Optical Engineering, Vol. 40 No. 6, June 2001

results show that the calcite and half waveplates at 15648.5
A have good qualities for fabricating the birefringent filter.
This filter is being fabricated by Cambridge Research &
Instrument, Inc., Boston.

To design the near-IR birefringent filter, we measured
the birefringent index of calcite at 15648.5 A and its ther-
mal coefficient: w(A=15648.5 A,T=21°C)~—0.17730
+4.5X107%, at room temperature, u(A=15648.5A,T
=43°C)~—0.17705+4.5X 1074, at working temperature
of the near-IR filter,

a~—5.37X1073/°C.

Although the error in u looks slightly larger than desired, it
is good enough to be applicable in the design of the optical
components of the calcite crystal near 15648.5 A.
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