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Abstract: We demondgtrate a simple waveplate analyzer to characterize
linear retarders using magneto-optic (MO) polarization rotators. The all-
solid state device can provide highly accurate measurements for both the
retardation of the waveplate and the orientation of optical axes
simultaneously.
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1. Introduction

Optical waveplates for generating linear retardations are one of the most important
components for polarization-related analysis and control [1]. Accurate measurement of
retardation and optical axis is therefore important for waveplate manufacturing and quality
insurance. To accurately measure the induced retardation, various methods have been
developed, including those based on the mechanical rotation [2-6], polarization modulation
[8-11], and scanning interferometry [12-13]. However, al of those methods have their own
short comings: the mechanical rotation methods suffer from slow speed and mechanical wear-
and-tear, the polarization modulation methods are expensive and complicated, and the
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scanning interferometry method cannot simultaneously determine the optical axis of the
optical waveplates, in addition to its high cost.

In previous publications, we reported a novel polarization state generator (PSG) [14] and
polarization state analyzer (PSA) [15] using four or six binary magneto-optic (MO) rotators.
It is a common practice to use a pair of PSG & PSA to fully characterize a waveplate [1],
however, such an approach may be excessive, because a PSG/PSA pair not only can measure
linear retardation and orientation important to a waveplate, but also other polarization
properties, including optical activity and attenuation, which are negligible in optical
waveplates. In this paper, we propose and demonstrate a new scheme for waveplate analysis,
which is considerably simpler in congruction and therefore cost less than a complete
PSG/PSA pair. In addition to advantages intrinsic to MO rotators, including no moving parts,
compact, fast, superior repeatability and stability, the proposed waveplate analyzer (WPA)
can accurately measure the retardation of the waveplate and the orientation of optical axes
simultaneously.

2. Principle

The proposed MO-rotator based waveplate analyzer (WPA) with the aperture of 1mm is
shown in Fig. 1. Polarizer P is placed at the input of the system and is aligned 22.5° with
respect to the fast axis of the A/4 waveplate (QWP) to generate a right-hand elliptically
polarized light ($,=0.5 S,=0.5 $:=0.707). The waveplate under test (sample) isinserted in the
middle slot. Two pairs of MO polarization rotators are placed before and after the sample
respectively to rotate light beam’s polarization. After passing through the sample, the rotators
and a second vertical polarizer (P,), light finally enters a photodetector (PD) for detecting the
optical power changes corresponding to different polarization rotation combinations of the
MO rotators. A low-noise transimpendance amplifier and 16-bit A/D converter are used to
convert the detected photocurrent to digital signals for further data processing.

MO Polarization Rotator X 4 (R1~Ry)

y P, QWP Sample / P,
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Fig. 1. The proposed waveplate analyzer using 4 MO rotators (R1~R4): Polarizer P1is oriented
22.5° from the vertical axis (y-axis), polarizer P2 and the fast-axis of A/4 waveplate are aligned
vertically, and the rotation angles of MO rotators are about +22.5° at their center wavel ength.

Asin[14] and [15], each MO rotator (2mmx2mm) made from magnetic Garnet crystal_can
rotate the input state of polarization (SOP) by a precise angle around 22.5° or -22.5° when a
positive or negative magnetic field above a saturation field (~ 100 Oe generated by a driving
current of 80 mA) is applied respectively. Therefore, when two rotators rotate in the same
direction, the net rotation is +45° or —45°. On the other hand, if two rotators rotate in the
opposite direction, the net polarization rotation is zero. One may see from Fig. 1 that the
power detected by the photodetector will change when the rotation angles of different MO
rotators are changed. For different retardance and axis orientation of the waveplate sample
under test, the changes in detected power are different for the same rotation combinations of
MO rotators. As will be shown next, the retardance and axis orientation of the waveplate
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sample can be uniquely determined from the power measurements corresponding to different
rotation combinations of MO rotators.
In general, the optical power detected by the photodetector can be written as:

lout = %O{H [~ cos2(0t— Byyp) COS2(B+ By ) +SIN2(01 = By ) SIN 2(B + By ) cOS(T) | Sy
+ [si N2(o—6Byyp) COS2(B+ By ) +cos2(a—Byp )SIN2(B + ewp)cos(F)]82
+SiN2(B+6yp)sinT Sg} 1

where lgisthe input optical power entering the analyzer, « is the attenuation coefficient when
taking into account of the insertion loss of al components, (S; S; ;) are the normalized
Stokes parameters of the light after passing through P; and QWP, 8,,, is the orientation angle
of the fast axis of the waveplate sample with respect to the horizontal, and T is the retardance
of the sample. The angles . and 3 are the total polarization rotation angles of the first pair of
rotators (before the sample) and the second pair of rotators (after the sample), respectively,
and they can be written as
2
a=> -(-)"6
n=1
B= ¥-(-)™%
n=3 . (2)
where b, (0 or 1) is the binary value of the n™ rotator (i.e. O- or 1- state corresponds to
negative or positive saturation field applied, respectively), 6=22.5°+A60 is the absolute rotation
angle of each MO rotator when a magnetic field above saturation field is applied, and A6 is
the deviation angle from 22.5°, caused by temperature and operating wavelength deviations.
Because of the binary nature of the MO rotators, | o« has 16 possible values. One can easily
find by inspecting Fig. 1 or Eqg. (2) that oo and B each has three possible values (0, 20, -20).
Therefore, 1o in EQ. (1) has 3 x 3 = 9 different values for all 16 rotation combinations or logic
states, as shown in Table 1. The rests are degenerate.

Table 1: Relationship of a, b and logic states of rotators

lj 0 Bi Logic States (R;R-R3R,)
1 0 20 0111, 1011

I, 0 0 0101, 0110, 1001, 1010

I3 0 -20 0100, 1000

4 20 20 1111

Is 20 0 1101, 1110

lg 20 —20 | 1100

7 20 |26 0011

g 20 |0 0001, 0010

o -20 | -206 | 0000

It is clear by inspecting Egs. (1) and (2) that power |y is a function of the following 7
parameters: lo, S;, S, Ss, 6, 6wp and I'. Therefore Eq. (1) for different non-degenerate states
can be rewritten as:

1; =f ((8), Bi(6), lo, S1, S0, S, Bupn T ), j=1,2,... 9 A3)
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where [; is the output power of the WPA for the j™ non-degenerate state (see table 1) and f
represents the right hand side of Eq. (1). Assuming the Stokes parameters (S;, S, )
generated by P; and QWP (Fig. 1) are known, then input power |, rotation angle 6, retardance
I' and axis orientation 6,,, of the sample can be calculated by numerically solving Eq. (3). We
choose to solve Eq. (3) by numerically searching for the optimized values of o, 6, 6,,, and I"to
minimize 1. 2, where |; gy is the experimentally measured output power of
Z(IJ,FII l],EXp) b

j

WPA for the j™ non-degenerate state and  |;,  is the calculated power using Eq. (3). To
ensure high accuracy measurement for waveplates of al possible retardances and orientation
angles, we choose to set the SOP of the input light to be around (0.5, 0.5, 0.707) by aigning
P; and QWP with a relative angle of 22.5° to each other, However, because this input SOP
will change dlightly as a function of wavelength and temperature due to the wavelength and
temperature dependences of the QWHP, it is necessary to calibrate the SOP of the input light
for different wavelengths and temperatures for high accuracy measurements. Such an SOP
calibration can be accomplished by simply measuring the 1o for al MO non-degenerate
rotation combinations before inserting a waveplate for test. When no sample is inserted, the
output power of the WPA for the j™ non-degenerate state can be rewritten as

I =Ki—20[1-COSZ(0(J- (0)+8;(0) S +sin2(x; (6) + ; (9))82]

=1i(10,6,51,S,,S5)
Because the light is totally polarized (ensured by polarizer P; in Fig. 1), the following
relation holds[16]:

(4)

St+Si+Si=1 (S>0) (5)

Therefore, after measuring the output powers under different non-degenerated states of
MO rotators, (S;, S, Ss) can be calculated by solving Egs. (4) and (5) using the least-square-
fitting algorithm.

3. Measurement results

We measured the retardance and the axis orientation of a waveplate sample using the
following procedures: (i) The SOP of the input light is determined by measuring the | o under
9 non-degenerate logic states before inserting a waveplate sample [using Egs. (4) and (5)]. (ii)
lot UNder 9 non-degenerate logic states are measured after the waveplate sample is inserted;
and (iii) the least-square-fitting algorithm is used to calculate the parameters in Eq. (3)
including the retardance I" and orientation angle 6yp of the sample by using SOP obtained in
step (i). The total measurement time including calculating is less than 0.2 second for one
measurement. The typical measured and fitted data are shown in Fig. 2. All measurements
are taken at 1550 nm and 23+2°C, and the photodetector outputs have been normalized using
the input optical power. The nonlinear least-square-fitting results are shown in table 2. The
error factor ¢ between the measured and fitted datais calculated as

:Z\/(lj,Exp_lj,Fit)Z/I% (6)
j 9

where |j ey IS the experimentally measured output power of WPA for the j™ non-degenerate
state and |, g is the calculated output power of WPA for the the | non-degenerate state using
least-square-fitting. The low fitting error ¢ of 0.0016 shows that Eq. (1) can accurately
describe the current WPA system. The measured retardance of 90.4° and 179.64° of the
commercial quarter-wave and half-waveplates are consistent with the datasheet from the
vendors (90°+/-0.7°, and 180°+/-0.7°, respectively). Using the same setup, we also measured
the retardance of the air (without any waveplate sample) to be close to zero (as low as 0.057°,
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see Table 2), which indicates the resolution of the measurement. In addition, one hundred
measurements with five-second interval are taken to evaluate the repeatability and stability of
our WPA system. The standard deviations of the measured retardance are 0.024° and 0.014°
for the half-wave and quarter-wave plate, respectively. The corresponding standard deviation
of the orientation angles of the optical axes are 0.070° and 0.014°, respectively.
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Fig. 2. Typica measurement results with the normalized intensity for the half- and quarter-
wave plate. The dash lines are for reference only

Table 2:Least-square-fitting results for different wave plates

Half-wave Quarter-wave | Air (no
Plate Plate waveplate)
SOP of theinput light Si= 0.494, S,=0.514, S;=0.701
L east-squar e-fitting results
Retardation of waveplate I 179.68 90.41° 0.057°
Orientation angle of waveplate Oyp -2.24° 89.51° 15.12*
Rotation angle of rotators 6 21.77° 21.75° 21.74°
Fitting error 6 0.0016 0.0015 0.0008

* The orientation angle of the air is theoretically arbitrary because the air is isotropic. The
number given by our measurement system is dependent on the initial input values for the
nonlinear |east-square-fitting.

Using a tunable laser, the MO-based WPA can easily acquire the wavelength dependence
of both the retardance and orientation angle of a waveplate. The typical measured curves are
shown in Fig. 3. The slopes of the retardance are ~ -0.064%nm, -0.129°/nm and —2.701%nm
for a zero-order quartz quarter-wave (WP1), zero-order half-wave plate (WP2) and multi-
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order half-wave plate (WP3), respectively. According the slopes and the chromatic dispersion
of quartz crystal, the order of these wave plates can be calculated to be 0, 0, and 10, which are
consistent with the data provided by vendors. The standard deviations of orientation angles
are 0.12° 0.045° and 0.23° for WP1~3 in the wavelength range of 1500 nm~1590 nm,

respectively.
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Fig. 3. Typica wavelength dependence curves of the retardance and orientation angle of
waveplates measured by our WPA

4. Conclusions

In summary, we demonstrated a nhovel MO based waveplate analyzer for measuring the
retardance, the waveplate order and the orientation angle of a waveplate simultaneously, with
high accuracy, repeatability and stability. The device provides an accurate aternative for fast
waveplate characterization.
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