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1.0 INTROOUCTION

Conventional polarizer attenuators have been used since at least the 1920s. The
transmittance of the two-s1age polanzer attenuator, where one polarnzer is fixed and the
other one is rotated, is known as Malus’ law:

T(8) /T(0) =(coeB)?

where T(8) is the ranamatance of the two polanzers and £ is the angie enciosed by
the principal rangmittance axes. This device was unrelable if the source was partially
polanzed or the sensitivity of the deteciors vaned with the angie of polarization

(Ret. 1). Dowell ceveioped the Ivee-siage polanzer stienuator which overcame the
defects in the two-stage atlenuator (Ret. 2). in Dowell's method the first and last
pOlanzers were Staponary with thes ophc axes paraliiel and the miifle polanzer was
rotated. The three-stage polanzer allenudio?r transmitied an intensity governed by a

cos® relabonsihvg,

T8 /T(0) =(coel)*

To ODtaun ACCUTEI® MOASFEMENtS, (NG EsBNCEON ralos of the polanzers and the
Diretringence of the madie polarizer must be known and accounied for when the
atteonuator s Caltvaled. In gEneral. the CONVENEONS INYee-DOIBNZer SBENUSIOTS
WHiZING W polanzers were kmited 10 0 001 ranemitance units (Ret 1).

Several different types of polrizers Nave DeON USed N the Uhree-Sta0e SNSNUSIONS.
Bennett Lsed Neet Polrsid MOUNIEC Detween JElOrTONIsss Olass plates and
determined pholometric ingarty 10 betier then 0 1 percent (Ret 3) Mislenz and
Echeors dsCLsEeC SYIeMalc Irrors dUS 10 MDIIECONS in sheo! polarnzers, setting
and pigNMent errors. and MODENE DEEM NCIOENCe angle and polanzation They
conciuded thet the acturacy of Pwee-polantrer Sim aBenusiorns @ kmited 10 0 001
TANAMINANCe urt gy DeCauge Of he urknown DISINgENCe Of the MICde
polurizer Instead Ney eMPIOYEd eiNer 3 Nalk-wBve O 8 QUANS: - wave retardation
plate with & precisely nown Drelringencs ang 'wo shet polarizers and otaned ol
wast 10 imes More accurecy e e COMVeEONG e OOlrizer anNeNUatons
{(Ret 1)

Polurization prisme would a0 avod the breiingence problem  Mislenz and Eclerte
dicd not pursue e use of priems DeCcEuse of poNNEaly SEroUsS SYSIMEC errors
caused by their smell feid angles and Decause e COUrEie Meassrement of the high
oxtinction ratios of QOOU poMrizeYs was GBSO (Ret 1) Bennelt weted. Bt Gid not
use. & good Glan- Thompson priem et devisled e bearn by less then 1 mun of arc




and was a high schiieren quality caicite, because the intensity variation was not
symmetric in the four quadrants. He suggested that a prism-type polarizer with
adequate performance would have the advantage of a wider, more useful spectral
range than was possible with sheet polarizers (Ref. 3).

The current work was based on the same concept and used specially selected high
quality optical Glan-Thompson prisms, extremely precise automated stages, and a
combination of optical density filters with a lock-in amplifier, to obtain accurate
measurements and to determine the feasibility of using a three-stage polarizer
attenuator with laser beams in and near the visible range. This device should be
effective for independently calibrating experimental signals and transmittance of
neutral density fiters over a waveiength range from 350 to 2500 nm and over an
optical density range of nine orders of magnitude.
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2.0 EXPERIMENTAL ARRANGEMENT

2.1 ATTENUATOR DESIGN

The three-stage attenuator was comprised of specially selected high quality optical
Glan-Thompson prisms manufactured by Karl Lambrecht Corporation (MGT25E10-90),
Chicago, lllincis. The calcite prisms are glued at the interface. The optical glue limited
the capability of the attenuator at the ultraviolet end of the spectral range, but it also
provided better maximum attenuation. The prisms were selected so that one crossed
pair would have an attenuation equal to or greater than 10%:1. The prisms had a wave-
length range of approximately 350 to 2500 nm and a tolerance on maximum beam

deviation of approximately 6 arc sec.

The prisms were each mounted in precision stages. Two of the stages, manufactured
by Klinger Scientific, Garden City, New York, were electronically driven. The first stage
was required to accurately return to the 0-deg position and to have a repeatable 90-deg
rotation. These criteria were easily met with one of the Klinger stages. The require-
ments for the second stage (middle polarizer) were the most stringent since this stage
was the only one which would rotate after the attenuator was aligned. This stage was
responsible for determining the angle " 8" with great accuracy. Consequently, the
second stage consisted of a Klinger Scientific, Garden City, New York, stage and an
encoder. The encoder on the middie stage was accurate to approximately 1 arc sec.
The third stage was a manual stage which incorporated both fine and coarse adjust-
ments. Figures 1a, 1b, and 1c show the assembled three-stage polarizer attenuator
taken from the top (Fig. 1a), from the front (Fig. 1b), and from the side (Fig. 1c).

(@). Top view.

Figure 1. Three-stage polarizer attenuator.
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(c). Front view.

Figure 1. Concluded.
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2.2 ALIGNMENT OF THE ATTENUATOR

The alignment for the stages was accomplished mechanically by using an optical post
which was the same diameter as the prisms. The post was inserted through the
mounts (where the prisms would be mounted) and then the mounts were adjusted and
tightened down. The post was removed.

Each prism was then individually mounted in each stage position and tested. A target
was placed 6 to 8 ft away from the attenuator and then the stage was rotated through
360 deg to ensure that the laser spot remained in the same location on the target. All
three prisms performed properly.

An alignment procedure was developed which ensured the first and third polarizers
had their optic axes in parallel positions and the second polarizer reached a minimum
transmittance when it was crossed with the other two polarizers. The procedures
used are described below and depicted in Figure 2. (Note: Prism 1 is mounted
closest to the laser source, prism 2 is mounted in the center of the attenuator, and
prism 3 is mounted closest to the detector.)

Step 1. Set all of the mounts to their 0-deg position and insert all the prisms in
the same approximate orientation.

Step 2. Set prism 3 near the 90-deg or null position.

Step 3. Set prism 2 so that prisms 1 and 2 are exactly 90 deg oft (cross
polarized). This location should provide an exact null and prism 2 will be in
approximately the 90-deg position.

Step 4. Set prism 1 in the same position as prism 2.

Step 5. Return prism 3 to the 0-deg position and adjust it until an exact null is
reached (prisms 2 and 3 are crossed polarizers). Lock prism 3 in place.

Step 6. Return prism 1 to its exact original position. At this point, prisms 1
and 2 should be exactly 90 deg offset and prisms 2 and 3 should also be exactly 90
deg offset.

Step 7. Retum prism 2 to its 0-deg position. The attenuator should now be
set for maximum transmission.




STEP

STEP

STEP

STEP

STEP

STEP

STEP

2

Figure 2. Attenuation alignment procedures.
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3.2 EXPERIMENTAL ERROR
3.2.1 Measurement Error

There were several sources of measurement and random error present throughout the
experiment. These errors include nonlinearity in the phase lock amplifier, noise from
the photomultiplier, stray light in the optical train, variation in the lock-in amplifier
reading, and drift in laser power. No attempt was made to control the laser power.

3.2.2 Systematic Error

Data collected around the 0-, 90-, 180-, and 270-deg angles indicated significant
systematic errors. The major errors include drift in the laser signal from the beginning
to the end of the data run and slight alignment errors in the prisms. The drift was
noticed in the signal from the beginning to the end of the data runs. In addition, the
equipment was left for several 30-min intervals without altering the equipment setting
and experimental data did change slightly with time. Alignment errors are noticed in
the lack of perfect symmetry in data around the 0- and 360-deg points. In addition,
there was a small double hump pattern around the 90- and 270-deg points. Additional
systematic errors would include the temperature change in the room affecting the laser
detector or the electronics and small inaccuracies in the mechanized center stage.
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4.0 CONCLUSIONS

The three-stage polarizer attenuator, with the advanced Glan-Thompson optical
prisms, the extremely precise automated stages, and an experimental setup which
allowed accurate measurements of high extinction ratios, was capable of providing
attenuation of a laser beam for nine orders of magnitude with uncertainties of 1 to 2
percent. This attenuator was useful in providing practical accuracies of a few percent
over a wide dynamic range with a simple technique. The data were symmetric
throughout all four quadrants. The attenuator can be used to calibrate neutral density
filters over a wavelength range from 350 to 2500 nm and over an optical density range
of nine orders of magnitude. These results were obtained with laser sources only, and
no corrections were made for drift in the laser power or signal processing.
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FILTER ) LOCK-IN FLTER 8 LOCK-IN
WHEEL *) READING WHEEL ) READING
POBITION POSITION
1 80.80 422+ 005 pv 1 90.500 0591 ¢
0.0005 mv
1 86.90 2031005 uv
1 0958 28.0 2 0.05
uv

1 8996 278 £ 0.05 uv
1 9097 276 £ 0.05 uv
1 80 98 27.7 £ 0.05 pv
1 2990 B11¢

0.08 uv
1 90.00 2032 0.08 uv
1 90.01 8.0 2 0.05 uv
1 90.02 278+

0.08 uv
1 90.03 278 £ 0.05 v
| 90.04 27.7 2 0.05 v
\ 90.08 2752005 uv
1 90.100 2.7 £ 0.08 uv
1 90.200 Q81 008uv
1 90.300 9082

0.08 uv
1 90.400 250 £ 05 uv
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r 8 TRANSMITTANCE EXPERIMENTAL NORMALIZED
cos* 8 VALUE EXPERIMENTAL
VALUE
5.00 0.98 2.62E00 + 0.01 0.95E00
4.00 0.99 2.61E00 + 0.01 0.94E00
3.00 099 2.69E00 + 0.09 0.97E00
2.00 1.00 2.70E00 + 0.09 0.97E00
1.00 1.00 2.70E00  0.08 0.97E00
| 000 1.00 2.70E00 £ 0.11 0.97E00
1.00 1.00 2 69E00 + 0.07 0.97E00
2.00 1.00 2.68E00 + 0.06 0.96E00
3.00 099 2.67E00  0.04 0.96E00
4.00 099 2.63E00 + 0.01 0.95E00
5.00 098 2.67E00 + 0.01 0.96E00
10.00 0.94 251E00 £ 0.07 0.90E00
[ 2000 0.78 2.08E00 + 0.02 0.75E00
| 3000 0.56 1.51E00 + 0.05 0.54E00
40.00 0.34 0.92E00 + 0.02 0.33E00
50.00 0.17 0.47E00 + 0.02 0.17E00
60.00 0.06 1.72E-01 + 0.05E-01 0.62E-01
70.00 0.01 3.77E-02 £ 0.08E-02 1.36€-02
80.00 9.09E-04 2.48E-03 + 0.07E-03 8.99E-04
85.00 5.77E-05 1.57E-04 + 0.06E-04 5.65€-05
86.00 2.37E-05 6.44E-05 + 0.2E-05 2.32€-05
86.50 1.39E-05 3.75E-05 + 0.04€-05 1.35€-05
| s7.00 7.5€-06 2.02E-05 + 0.03E-05 7.27€-06
r 87.50 3.62E-06 9.67E-06 + 0.16E-06 348606 |
88.00 1.48E-06 3.93E-06 + 0.03E-06 141606 |
86.25 8.70E-07 2.32€-06 + 0.01E-06 8.35E-07
88.50 454E-07




8 TRANSMITTANCE EXPERIMENTAL NORMALIZED
cos* 8 VALUE EXPERIMENTAL
VALUE
88.75 2.26E-07 6.06E-07 + 0.04E-07 2.18E-07
| ss.00 9.28E-08 2.50E-07 + 0.03E-07 9.00E-08
I so2s 2.94€-08 7.98E-08 + 0.14E-08 2.87E-08
89.50 5.80E-09 1.65E-08 + 0.06E-08 5.94E-09
89.60 2.38E-09 7.04E-09 + 0.02E-0 2.53E-09
89.70 7.52E-10 2.75E-09 + 0.02E-09 9.90E-10
89.75 3.62E-10 1.70E-09 + 0.03E-09 6.12E-10
89.80 1.48E-10 1.16E-09 + 0.03E-09 4.18E-10
89.90 9.28E-12 8.06E-10 + 0.03E-10 2.90E-10
89.95 5.80E-13 7.70E-10 £ 0.01E-10 2.77E-10
89.96 2.38E-13 7.65E-10 + 0.01E-10 2.75E-10
89.97 7.52E-14 7.59E-10 + 0.01E-10 2.73E-10
89.98 1.48E-14 7.62E-10 £ 0.01E-10 274E10 |
89.99 9.28E-16 7.73E-10 £ 0.01E-10 2.78E-10
90.00 0 7.60E-10 + 0.45E-10 2.74E-10
90.01 9.28E-16 7.70E-10 £ 0.01E-10 2.77E-10
90.02 1.48E-14 7.65E-10 £ 0.01E-10 2.75E-10
90.03 7.52E-14 7.65E-10 + 0.01E-10 2.75E-10 4
90.04 2.38E-13 7.62E-10 + 0.01E-10 274810 |
90.05 5.80E-13 7.56E-10 + 0.01E-10 2.72E-10 J
90.10 9.28E-12 7.89E-10 £ 0.01E-10 2.84E-10
90.20 1.48E-10 1.17E-09 + 0.01E-09 4.21E-10
90.25 3.62E-10 1.72E-09 + 0.06E-09 6.19E-10
90.30 7.52E-10 2.74E-09 + 0.01E-09 9.86E-10
90.40 2.38E-00 7.12E-09 + 0.01€-09 2.56E-09
90.50 5.80E-09 1.63E-08 + 0.01E-08 5.87E-09
7.84E-08 + 0.05E-08 2.82E-08 !
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e =
8 TRANSMITTANCE EXPERIMENTAL NORMALIZED
cos‘s VALUE EXPERIMENTAL
VALUE
91.00 9.28E-08 2.49E-07 £ 0.02E-07 8.96E-08
91.25 2.26E-07 6.08E-07 + 0.03E-07 2.19E-07
91.50 4.70E-07 1.27E-06 £ 0.01E-07 4.57E-07
91.75 8.70E-07 2.36E-06 t 0.04E-07 8.50E-07
92.00 1.48E-06 3.99E-06 + 0.03E-06 1.44E-06
92.50 3.62E-06 9.75€E-06 + 0.07E-06 3.51E-06
93.00 7.50E-06 2.02E-05 + 0.01E-05 7.27€-06
93.50 1.39E-05 3.74E-05 * 0.03E-05 1.35E-05
94.00 2.37E-05 6.41E-05 £ 0.01E-05 2.31E-05
95.00 5.77E-05 1.56E-04 + 0.01E-04 5.62E-05
100.00 9.09E-04 2.48E-03 + 0.02E-03 8.93E-04
110.00 0.01 3.78E-02 + 0.05E-02 1.36E-02
120.00 0.06 1.71E-01  0.03E-01 6.16E-02
130.00 0.17 0.46E00 £ 0.07E-01 1.66E-01
140.00 0.34 0.96E00 + 0.02E00 3.46E-01
150.00 0.56 1.53E00 + 0.01E00 0.55E00
160.00 0.78 2.12E00 + 0.05E00 0.76E00
170.00 0.94 2.59E00 + 0.06E00 0.93E00
175.00 0.98 2.68E00 + 0.06E00 0.96E00
176.00 0.99 2.71E00 £ 0.03E00 0.98E00
177.00 0.99 2.72E00 + 0.01E00 0.98E00
178.00 1.00 2.73E00 + 0.05E-01 0.98E00
179.00 1.00 2.75E00 £ 0.01E00 0.99E00
180.00 1.00 2.77E00 * 0.03E00 1.00E00
181.00 1.00 2.76E00 + 0.01E00 0.99E00
182.00 1.00 2.75E00 + 0.01E00 0.99E00
183.00 0.99 2.74E00 + 0.0320‘1 0.99E00
34




8 TRANSMITTANGE | PeT— P
CoSs' 8 ' W R i e cadis
e o
‘ 184.00 0.99 2 73608 = 1 o p—
185.00 0.98 2 708 1 1 Lt R
* 186.00 0.98 2 76ESA = 3 skl o A——
187.00 0.97 270608 ¢ 1 1o A
188.00 0.96 2rresecivem  emen
189.00 0.95 20608 = 3 1. ? o o i
190.00 0.94 201600 = ¢ e ﬁ J—
200.00 0.78 2 umz‘ ® 4 i ) - i
210.00 0.56 ' SME 1 1 . -
220.00 0.34 om LR b < gl
230.00 0.17 0 aeon & 1 1-em s
240.00 0.08 i '46' RE A ‘ - -
250.00 0.01 L -
260.00 9.09€-04 e T
265.00 5.77E-05 |ma- ;Hl = w» .
266.00 2.37E-05 PP -
266.50 1.39€-08 20088 1 - -
267.00 7.50€E-06 L -
267.50 3.62E-08 RSk w P
268.00 1.48E-06 Gt ' - "
268.25 8.70€-07 208 > Lo 07 -
268.50 4.70€-07 T A o
268.75 2.26€-07 cate ey -
269.00 9.28€-08 lste imer ceee
269.10 6.09€-08 I e .-
; 269.20 3.00€-08 T rver e
. 269.25 2.94E-08 P, : ot .
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