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I. INTRODUCTION

Conventional vavefront measuring devices such as the shearing

interferometer1 ,2 are difficult to use and have low frequency response. In

these instruments, a laser beam is split into two separate beams, which are

then recombined by means of beam splitters and mirrors. Upon recombination,

fringes are formed that mark the phase difference introduced as a result of

each beam traveling a different path. Fringe distortion is a measure of

wavefront distortion. Such techniques have been used for wavefront measure-

ment for testing optical surfaces and lenses. 2 In addition, the shearing

interferometer has been used to observe laser beam quality and to measure

wavefront deformation and phase fluctuation in a laser beam that propagates

through a turbulent medium.3 ,4 However, because many beam splitters and

mirrors are used, the shearing interferometer is very difficult to align; the

measurement is made over a relatively long time period and is susceptible to

environmental noise and vibration.
5

Reported in this paper is a wavefront sensor using acousto-optic modu-

lator and heterodyne techniques6 and parallel scanning using a parabolic

mirror. The major advantages of this wavefront sensor are that it is fast,

sensitive, and compact. Other features are self-alignment, noise cancel-

lation, lack of drift, and a possibility of electronic scanning. This

technique has been successfully applied for the measurement of phase fluc-

tuation,6 fine steering angle,7 small displacement,8 ,9 and laser beam

vavefront perturbations.

9C. P. Wang, "Laser Beam Wavefront Sensor Using AO Modulator and Heterodyne

Technique," to be presented in Laser '82 Conference, New Orleans,
December 13-17, 1982.
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Other possible applications are to improve boresight accuracy, pointing

and tracking stability, and laser alignment. This technique can also be used

as a discriminator for adaptive optics 10 or an active resonator.

*C. P. Wang and J. M. Bernard, "Application of Wavefront Sensors to Improve
the Talon Gold Pointing Telescope Boresight Accuracy," Aerospace
ATM-80(6755)-2, October 23, 1980.
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II. BASIC PRINCIPLES

A detailed description of the operational principles of the wavefront

sensor is given in Ref. 6. Briefly, the sensor consists only of an acousto-

optic modulator and a small area detector, as shown in Fig. 1. The acousto-

optic modulator acts as a moving phase grating. A diffraction pattern is

obtained by the propagation of a plane parallel, monochromatic light beam of

wavelength A through the acoustic field whose wavelength is A.

Light in the higher diffraction orders has vector components along the

axis of sound propagation and therefore experiences a frequency r- it as a

result of the Doppler effect. For traveling acoustic waves, Ohe t'ed

frequencies wN are

-N w * NQ 1

where w and 0 are the light frequency and acoustic frequency, respectively,

and N - 0, 1, 2 ... is the order of the diffraction. The diffraction

angles "N are

Sine aN (2)
N A

The signal resulting from moving fringes (i.e., beat signal) at the

photodetector is then

Ip M - A cos [t - A(t) + BI (3)

where A is the amplitude of the beat signal, B is a constant phase, and A+ is

the phase difference between points Xo and X1 .

9
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It is clear from Eq. (3) that the beat-signal is equivalent to a phase-

modulated signal whose carrier frequency equals the frequency of the acoustic

waves. When this beat signal is fed into a phase demodulator, we can Imme-

diately receive its phase difference A*(t).

A schematic block diagram of the laser beam phase detector is shown in

Fig. 1. Here the acousto-optic modulator driver signal is used as a reference

for the phase demodulator. Therefore, any drift in frequency is canceled, and

accurate, relative phase measurements are achieved.

11
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III. MECHANICAL SCANNING WITH A PARABOLIC MIRROR

As shown in Eq. (3), the phase detector measures the relative phase at

two fixed points. To obtain the phase distribution across a laser beam, a

scanning mirror could be used to mrve the laser beam across the phase

detector. The measured relative phase is very sensitive to the laser beam

incident angle. To minimize the variation of this incident angle, a parabolic

mirror with a scanning (rotating) mirror at the focus was employed. As shown

in Fig. 2, a scanning mirror at the focus scans the collimated beam in a

parallel manner across the phase detector. Furthermore, because of

disturbances, near-field intensity and phase profiles could be obtained by

generating the disturbances at the conjugate plane of the phase detector.

A first order estimate of the required alignment accuracy was made. The

results indicate that the phase variation Aa, because of a small error in

locating the scanning mirror at the focal point, Is very large, i.e.,

Ac AX d D (4)

~Ay dF X

where AX and Ay are deviations (from the focal point) along the optical axis

and perpendicular to the optical axis of the parabolic mirror, respectively,

D and F are the diameter and focal length of the parabolic mirror,

respectively, and d is the beam diameter. For a flat mirror,

)Sd
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Fig. 2. Schematic of the Parallel Scanner.
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where S is the separation between the two points where relative phase

difference was measured. If we require the parabolic mirror to perform much

better than a flat mirror, then we require

Ay ( S, AX < 1E S (6)
D

Usually, F/D > 1, hence the alignment in the direction perpendicular to the

optical axis is more critical. For the experiment reported here, F - 1.5 m,

D - 25 cm, and S - 2.5 s. So, Ay should be less than a fraction of I sm.

Because the HF laser is invisible, it is rather difficult to align.

Hence a HeNe laser was used to align the optics. The alignment laser beam was

first focused by a 25x objective lens and then passed through a 25-m pinhole

located at the focus of the parabolic mirror. The beam reflected from the

parabolic mirror became parallel. The HF laser beam is then aligned to be co-

incident with the HeNe laser beam. The alignment was completed, and the

pinhole was replaced by the scanning mirror. Final alignment was achieved by

minimizing the measured Aa by adjusting the position of the scanning mirror

and the direction of the incoming HF laser beam. As shown in the next

section, Aa < 5 deg has been achieved.

15



IV. EXPERIMENTAL RESULTS

The experimental setup consists of a continuous-wave (cw) HF chemical

laser, a spatial filter and beam expander, a parabolic mirror, a scanning

mirror, an acousto-optic modulator, and a photodetector, as shown in Fig. 3.

The cw HF chemical laser was described in Ref. 11. Briefly, the gain medium

was 30 cm long with single-line output P2 (7) (at 2.8705 pm) of 8 W. A stable

resonator was used, consisting of a 3-m radius-of-curvature total reflection

and a flat grating as the output coupling. The resonator mirrors were

separated by a distance L of 60 cm.

A TEMoo-mode output beam was obtained with a beam diameter of 2.2 mm and

a far-field divergence angle of 1.75 mrad. The output beam was fed to a lOx

beam expander; the final beam diameter at the collimating mirror was about

30 m. The spatial filter consisted of a 5-cm focal length ZnSe lens and a

0.1 am pinhole. A 1-m radius of curvature and 2.5-cm-diameter concave mirror

was used to collimate the beam. The parabolic mirror used had a 25-cm

diameter and 1.5-m focal length. The scanning mirror was a small mirror

mounted on an electro-mechanical scanner.

The laser beam then impinged on an acousto-optic modulator. The clear

aperture of the acousto-optic modulator was 5 x 25 mm, with the traveling

acoustic waves propagating along the 25-mm aperture direction. The acousto-

optic interaction length was 24 mm. An 8-W radio frequency (RF) power

amplifier with center frequency at 40 MHz drives the acousto-optic modu-

lator. The intensity ratio of first order to zero order was about 0.3. The

diffraction angle 0 was 1.2 deg at 9 - 40 Wt¢.

17
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PARABOLIC MIRROR, F* 1.5 m

FLAT MIRROR

I~~~ .. PI NHOLE, 100 ILm

A-0 MODULATOR LENS, F -5 cm

PHOTODETECTOR R - 1 m

5x OBJECTIVE GRATING HF LASER
HeNe LASER LN

PINHOLE FLAT R - 3m

MIRROR

Fig. 3. Experimental Setup.
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A fast, room-temperature InAs detector was placed 10 cm behind the

acousto-optic modulator. The detector area was 0.14 x 0.14 mm2 , and the

detectability D* was about 108 cm Hzl/2/W at room temperature. The detector

output was fed to a tuned amplifier and then to the phase demodulator. The

sensitivity of the phase demodulator was set at 22.5 deg/V, and the dynamic

range at 180 deg.

To calibrate the phase detector, the parabolic mirror was replaced by a

flat total reflector. Then the beam steering angle could be obtained by

measuring the scanning mirror driver voltage, as shown in Fig. 4. In this

figure, the top trace is the center portion of the laser beam profile, the

middle trace is the corresponding phase detector output, and the bottom trace

is the scanning mirror driver voltage. The shape of both the mirror driver

voltage and the phase detector output was very similar. This assured the

linear relationship as expected. The measured calibration constant agreed

with the theoretical calculation very well.

For parallel scanning, the flat mirror was then replaced by the parabolic

mirror. The intensity and phase profile across the laser beam is shown in

Fig. 5. The intensity was a truncated Gaussian profile. Although the beam

profile was nearly Gaussian (see Fig. 6) after the spatial filter, the

collimating mirror was only 25 mm in diameter whereas the laser beam diameter

was nearly 30 mm at the collimating mirror. Hence only the center portion of

the beam was reflected by the collimating mirror. The ripple on the intensity

profile is the result of mirror edge diffraction effects. The phase demodu-

lator will not track when the signal is below a certain level. Hence only the

center portion of the lower trace in Fig. 5 is meaningful. The signal outside

19
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Fig. 4. Calibration of Phase Detector. Upper trace: intensity profile, 2
V/div; middle trace: relative phase, 112.5 deg/div; lower trace:
driver voltage, 120 deg/div; sweep speed, 20 msec/div.
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II

Fig. 5. Intensity and Phase Profile Across the Laser Beam. Upper trace:
intensity profile, 2 V/div; lower trace: phase profile, 112.5
deg/div; sweep speed, 2 msec/div.

21
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Fig. 6. Laser Ream Intensity Profile After Spatial Filter. Intensity
profile, 0.3 V/div; sweep speed, 0.5 msec/div.
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of the beam profile consists of RF noise. The noise level inside of the beam

profile was about 5 deg because of the detector noise and RF pickup. Further

improvement on those noises could be achieved by properly grounding and

shielding. Also, narrowband filter could be used to reduce the noise.

However, this would also reduce the frequency response of the sensor.

The constant phase signal in the center of Fig. 5 indicates that the beam

has been scanned in a parallel manner, i.e., the steering angle was almost

zero. However, there are small phase fluctuations resulting from mirror edge

diffraction effect. This demonstrated that a sensitive, measurable phase

variation of 5 deg wavefront measurement has been achieved.

To further examine the effect of diffraction, a I-mm-diameter metal wire

was placed in the middle of the beam at a position between the collimating

mirror and the parabolic mirror, i.e., at the conjugate plane of the phase

detector. The measured intensity and phase profile are shown in Fig. 7.

Large intensity and phase changes have been observed. This qualitatively

agrees with the Fresnel diffraction theory.
12

To examine the effect of a spatial filter, a 5x beam expander with and

without a pinhole was used. The intensity and phase profiles without and with

spatial filter are shown in Fig. 8a and 8b, respectively. The spatial filter

clearly removed the ripples on both intensity and phase profiles.

23
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Fig. 7. Intensity and Phase Profile with a 1-m-Diameter Wire in the Middle

of the Beam. Upper trace: intensity profile, 2 V/div; lower trace:

phase profile, 45 deg/div; sweep speed, 2 msec/div.

24
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a(b)

Fig. 8. Intensity and Phase Profiles (a) Without Spatial Filter and (b) with
Spatial Filter. Upper trace: intensity profile, 2 V/div (a), 1.5
V/div (b); lower trace: phase profile, 45 deg/div; sweep speed,
I msec/div.
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V. CONCLUSION

In conclusion, we have demonstrated that sensitive wavefront measurement

could be achieved by the acousto-optic modulator and heterodyne technique.

The phase profile of a wavefront across the laser beam could also be obtained

by using this technique, together with a mechanical scanner and a parabolic

mirror. All these techniques are important for laser beam control and beam

quality study.

Finally, for laser beam quality measurement, the Strehl ratio or Strehl

intensity has often been used, which is the ratio of intensities with and

without aberrations. 1 2 Based on the calculation in Ref. 12, there is a 1%

decrease in Strehl ratio for a root-mean-square (rms) phase aberration of

5 deg. This indicated that the wavefront sensor is a sensitive beam quality

measurement technique.
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LABORATORY OPERATIONS

The Laboratory Operstions of The Aerospace Corporation is conducting exper-

iental and theoretical investigations necessary for the evaluation end applica-

tion of scientific ad,.sca to new military space systems. Versatility and

flexibility have beo n developed to a high degree by the laboratory personnel in

dealing with the many problems encountered in the nation's rapidly developing

space systems. Expertise in the latest scientific developments is vital to the

accomplishment of tasks related to these problems. The laboratories that con-

tribute to this research are:

rph~sc8 tboret : Launch vehicle and reentry aerodynamics and hest
transfJeirpopuilsioWn c iItry and fluid mechanics, structural mechanics, flight

dynamics; high-temperature thermomechanics, gas kinetics end radiation; research
in environmental chemistry and contamination; cv and pulsed chemical laser
development including chemical kinetics, spectroscopy, optical resonators and
been pointing, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thertionic emission, photo'senaitive materials
and detectors, atomic frequency standards, and bioenvironmental research and
monitoring.

Electronics asearch Laboratory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optice;
communication sciences, applied electronics, semiconductor crystal and device

physics, radiometric Imaging; millimeter-weve and microweve technology.

Information Sciences Research Office: Program verification, program trans-

lation, performance-sensitive system design, distributed architectures for
spaceborne computers, fault-tolerant computer systems, artificial intelligence,
end microelectronics applications.

Materials Sciences Laboratory: Development of new materials: metal matrix
compositse, polymers, end new forms of carbon; component failure analysis end
reliability; fracture mechanics and stress corrosion; evaluation of materials in
space enviroment; materials performance in space transportation systems; anal-

ysis of systems vulnerability and survivability in enemy-induced environments.

gro ce Sciences Laboratory: Atmospheric and ionospheric physics, radietion
from t e atmosphere, density and composition of the upper atmosphere, aurorae
and eirglou; megnetoopheric physics, comic rays, generation snd propagation of
plasm waves in the magnetosphere; solar physics, infrared astronomy; the
effects of nuclear explosions, magnetic storm, and solar activity on the
earth's atmosphere, ionosphere, and magnetosphere; the effects of optical,
electromagnetic, and particulate radiations in specs on space systems.
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