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Figure 5. Zero order (a) and first orders (b) diffraction efficiencies vs. wavelength for several voltages; (c) First and zero
order diffraction efficiencies vs. voltage @ 633nm

order diffraction is always unchanged, with l = l0 = 0, and the first orders are always changed. OAM of m = −1
diffraction is increased by lg = 1, which in this case, equals to 1, and for m = +1 diffraction, OAM is decreased
by lg = 1, to l = −1.

Second, the sets of interference patterns at different applied voltage are topological identical, testifying that
the OAM change for the light going through a switchable FPG is unrelated to applied voltage. What the applied
voltage control is the efficiency ratio between zero order and the total first order diffraction, which is identical
to the power ratio between unchanged and changed OAM of light. Thus, by adjusting applied voltage, we can
control the percentage of light being transformed, from entirely transformed (100%) to not transformed at all
(0%). And for every voltage (percentage of transforming), the incident polarization determines the efficiency
ratio between m = +1 and m = −1 diffration, that is, how much of the transformed light goes to a upper OAM
state and how much goes to a lower OAM state.

Combining voltage and polarization control, a switchable FPG can achieve three outgoing OAM states with
arbitrary efficiency ratio (0–100%): the original OAM, the OAM state lowered by lg, and the OAM state raised
by lg.

5.3 Dynamic response

The switching time of the zero order intensity was measured with HeNe laser and an oscillating drive voltage.
Fig. 7(a) shows the LC response to a 15V (rms) square wave. The 10%–90% rise and fall times versus applied
voltage is shown in Fig. 7(b). As expected, the rise time is sensitive to applied voltage, whereas the fall time
is mainly material dependent and tends to be longer. Applied > 5V voltage, the total switching times of all
samples are on the order of 3 ms, similar to the expected value for a homogeneous half wave plate configured
with this liquid crystal..

6. DISCUSSION

Our current samples showed conversion efficiency of ∼ 95%. That 5% power is lost as scattering and high order
diffraction. Improvement in two areas can reduce the lost. First, in polarization holography, the two writing
beams should be circularly polarized and with equal power. In practice, not perfectly satisfying either requirement
could have caused inaccurate LC alignment, which produces high order diffraction other thanm = 0,±1. Second,
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Figure 6. Efficiency and OAM chart of switchable FPG for three modes: (a) “off” mode (0V), (b) intermediate mode
(5.5V), and (c) “on” mode (15V). First row inset: far field intensity; bottom row inset: interference with tilted plane
wave.
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Figure 7. Switchable FPG dynamic response to 633 nm laser: (a) Zero order diffraction efficiency responded to applied
square voltage; (b) Rise, fall, and total switching time dependence on applied voltage.

in cell assembling, spacers are randomly speared to support the gap. The amount could be better controlled to
reduce scattering. In summary, it is very possible that switchable FPG could achieve very high efficiency > 99%
by fine tailoring in fabrication.

Besides high efficiency, a special feature of switchable FPG is that it spatially separate the outgoing beams
with different OAM states. The “fork” shape birefringence pattern modulates wavefront through Pancharatnam-
Berry phase and results in both linear momentum and OAM change. A pure state input will always be trans-
formed to pure helical beams. This feature makes them superior in applications where purity of a single eigenstate
is preferred.

The dynamic response of switchable FPG is fast. The total switching time of ∼ 3 ms is comparable to good
nematic SLM products. For certain applications, switchable FPGs can make low-cost, flexible and compact
substitution for SLM systems.
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Our method is capable of fabricating switchable FPG of any topological charge lg, providing a corresponding
q-plate. However, a split double topological singularity appeared on some of the lg � 2 samples. It is not
surprising since the high order vortex is very sensitive to perturbation, any asymmetry in system could cause it
to collapse to a number of low charge ones. It is confirmed by our observation that the vortex through q-plate
decayed before reaching the hologram plane. This decaying in theory can be eliminated by perfect symmetric
writing beam. In our setup, the beam quality directly depends on the phase modulation accuracy of the q-plate.
Current splitting phenomenon is due to the non-prefect q-plate profile. An improvement or substitution on
q-plate would greatly reduce the distortion, thus makes the fabrication of high order switchable FPGs more
robust.

7. CONCLUSION

We proposed a voltage-controlled OAM mode generator and transformer using switchable FPG and have success-
ful realized it. We demonstrated that with our polarization holography and photo-alignment technique we can
make high-quality switchable FPGs that can transform an incident lightwave into three different OAM states.
The power ratio among the original state, raised state, and lowered state can be freely adjusted between nearly
0% and 100% by incident polarization and applied voltage. Switchable FPGs are thin and light weight, easily
processed, and quick responding. They show an efficient mechanical-free method to control light OAM, which
will benefit many applications including optical trapping and extremly high capacity information technology.
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