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PREFACE 

This Final Report describes research performed under Contract No. N00019- 

75-M-0494 of RCA Laboratories in the Communications Research Laboratory, K. 

Powers, Director. It describes work done from June 24, 1975 to September 23, 

1975. The Project Supervisor is B. Williams and the Principal Investigator 

was W. J. Burke. 
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I. INTRODUCTION 

Volume phase holography is a technique for the storage of graphic or 

binary information in holographic form throughout the entire volume of a thick 

(^■1 cm) storage medium. Volume holograms have an angular selectivity on read¬ 

out of the stored information, i.e., the angle of the readout beam must satisfy 

the Bragg condition for constructive interference. Using this approach, many 

different holograms can be sored in the same volume since the angular band¬ 

width of a given hologram decreases with the increasing thickness of the stor¬ 

age medium. Thus, as the thickness increases the number of separable angular 

positions increases, with the narnber of such angular positions being propor¬ 

tional to the ratio of medium thickness to the spacing of the holographic 

grating (^1 urn). The advantages of this approach are several! 

(1) Using phase holograms, diffraction efficiencies approaching 

100% are possible. 

(2) Using thick storage media, large numbers of holograms can be 

stored in the same volume. 

(3) Simplicity of access, since only the readout beam angle must 

be changed. 

The applicability of this technique has been limited until recently by 

the availability of storage media with the desired recording properties. In 

the last several years, however, iron-doped LiNb03 has been developed at RCA 

Laboratories as a thick phase holographic storage medium. During this period 

we have developed techniques for the growth and sensitization of LiNb03 and 

an understanding of the recording and fixing mechanism. Phase holograms are 

recorded in iron-doped LiNbC>3 by photoexcitation of electrons trapped at Fe' 

sites with subsequent drift or diffusion of the electrons from regions of high 

3+ 

light intensity in the interference pattern of the light beams into regions of 

lower light intensity and retrapping at Fe3+ ione. Through this process a 

trapped electronic space charge pattern is formed which mirrors the original 

light intensity pattern. This space charge pattern modulates the index of re¬ 

fraction through the electro-optic effect producing the phase grating [1-4]. 

1. J. J. Amciei, W. Phillips, and D. L. Staebler, IEEE J. Quantum Electron. 
QE-7. 63 (1971). 

2. G. E. Peterson, A. M. Glass, and T. J. Negran, Appl. Phys. Lett. 19, 130 (1971) 

3. F. S. Chen, J. T. LaMacchia, and D. B. Frazer, Appl. Phys. Lett. 13, 233 (1968) 
4. D. L. Staebler and J. J. Amodei, J. Appl. Phys. 43, 1042 (1972). 
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Heating the crystal in which the hologram in stored to between 100° and 200°C 

produces a transport of an ionic species which neutralizes the electronic 

space charge pattern [5]. Upon cooling to room temperature and redistributing 

the electronic space charge pattern with incoherent light, a hologram due to 

the ionic space chaige pattern remains. 

Using these techniques we have stored more than 500 holograms, each holo¬ 

gram having a diffraction efficiency greater than 2.5%. Two recent developments 

have opened up the possibility of further improvement of these results: 

(1) Theoretical calculations have shown that the erase/record asymmetry 

3+ 2+ 
increases with increasing Fe /Fe ratio. Thus, the erasure of 

holograms during sequential recording can be reduced [6]. 

(2) Silicon has been identified as a mobile ion in iron-doped LiNbO^- 

If silicon is, in fact, the mobile fixing ion, then an increase in 

the silicon concentration could lead to lower fixing temperatures, 

thus reducing the thermal erasure during recording [6]. 

Because of these results, together with the high optical quality of LiNbO^ 

crystals, and our investigation of other dopants in LiNbO^ and other host 

materials, we have concluded that iron-doped LiNbO^ is the optimum volume 

phase storage medium at present. 

In practice, the theoretical capability for high density storage is limited 

by the required Signal/Noise (S/N) ratio in the image readout from the stored 

hologram. There are several different sources of noise in images stored as 

thick phase holograms. 

(a) Intermodulation distortion which results from gratings recorded by 

interference between different parts of the object beam. In thick 

phase holograms this appears as an image readout off the Bragg angle 

for the reconstruction of the hologram. 

(b) Crosstalk between holograms stored in the same volume, which results 

from using too small an angular separation between holograms. 

(c) Statistical noise arising from fluctuations in the number of elec¬ 

trons or mobile ions which form the holographic grating. 

5. J. J. Amodei and D. L. Staebler, Appl. Phys. Lett. 18, 540 (1971). 

6. W. J. Burke, W. Phillips, D. L. Staebler, and B. F. Williams, Materials 

far Phase Holographic Storage, Final Report, Contract No. N00019-74-C-0312, 
April 1975. 
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(d) Cosmetic noise which is due to scattering of light from imperfections 

in the object transparency, the recording medium, or the recording 

and readout optics. This effect is particularly prominent in holo¬ 

graphic storage due to the monochromatic nature of the recording 

light. 

(e) Optical damage of the storage medium during recording or readout. 

This damage occurs by the same mechanism by which the hologram 

itself is recorded, a hologram of the interference of the recording 

or readout beam with themselves when a portion of the beams undergo 

scattering. During recording, this damage is recorded and fixed 

concurrently with the hologram of interest. This effect is strongly 

suppressed using the record-while-hot technique discussed above. 

The reason for this suppression appears to be that the optical damage 

grows nonlinearly with the electronic space charge field due to 

scattering, and this space charge field is continually compensated 

by the mobile ions [7]. In readout, the optical damage is not fixed 

and can be erased using incoherent light. 

An experimental determination of the S/N ratio has been made, and is dis¬ 

cussed in this report. The purpose of this program is to measure the composite 

S/N ratio in the readout image from holograms stored in iron-doped LiNbC>3 using 

our currently existing recording apparatus. We have measured the S/N ratio in 

images from crystals in which 10 and 100 holograms have been recorded and 

fixed. 

The remainder of this report is organized into three sections covering 

the measurement techniques, S/N measurements on the fixed holograms, and the 

conclusions drawn from these results. 

7. G. A. Alphonse and W. Phillips, Read-Write Holographic Memory with Iron- 

Doped LilfbO,, Final Report, Contract No. NAS8-26808, May 1975. 
ö 



II. MEASUREMENT TECHNIQUES 

A. STORAGE MEDIUM 

Poled single crystals of LiNbO^ containing 0.01 to 0.05 mole % iron were 

used in these studies. The crystals were oxidized in an Ar + O2 atmosphere at 

950°C for 24 hours to obtain the desired optical density (0.2 to 0.3 at 4880 X). 
The oxygen content of the atmosphere is varied depending on iron concentration 

and crystal thickness [8]. After this treatment, the crystals were repolished 

using a SYT0N chemical polish to reduce surface scattering. The crystals were 

then anti-reflection-coated with a single layer of SiO^, 825 X thick, by 

D. Hoffman of RCA Laboratories. In the results reported here, 0.4- and 0.5-cm- 

thick crystals were used. 

B. DIFFRACTION EFFICIENCY 

The holograms studied were recorded and fixed so that each hologram had 

a diffraction efficiency ranging from 7.5% to 10%. To achieve this range of 

diffraction efficiencies for all holograms, the holograms were sequentially 

recorded with successively smaller exposures to compensate for optical and 

thermal erasure [9]. The range of final, fixed diffraction efficiencies is 

due to a lack of perfect compensation of the erasure and fluctuations in the 

recording conditions (laser power variation, crystal vibration, etc.). 

C. RECORDING APPARATUS 

Holograms were recorded using in Ar+ ion laser operating in a TEMq mode 

at 4880 X. A schematic diagram of the recording apparatus is shown in Fig. 1. 

Beam expanders with spatial filters are used in both beams to reduce or re¬ 

move nonuniformities in the beams due to light scattering and multiple reflec¬ 

tions in the preceding portions of the optical system. 

8. D. L. Staebler, W. Phillips, W. Burke, and B. W. Faughnan, Materials 
for Phase Holographic Storage, Final Report, Contract No. NQ0019-73-C-0273, 
February 1974. 

9. W. J. Burke and D. L. Staebler, Volume Hologram Material Device Feasibility, 
Final Report, Contract No. N62269-72-C-0793, June 1973. 
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Figure 1. Schematic diagram of recording and readout optical system. 

The object to be recorded was a 16-mm transparency of a uniform field on 

a black background as shown in Fig. 2. The two slits were used for focusing 

of the object. This particular object was chosen for these measurements be¬ 

cause the large white area provides a worst case for image uniformity and 

appearance. 

Fraunhofer holograms of the object were recorded primarily for simplicity 

in varying the readout geometry. For this case the object is located at the 

front focal plane of the first lens. Light from a given point at the object 

is then focused using the second lens. Then the magnification of the readout 

image is simply the ratio of the readout imaging lens to the recording lens. 

We used magnifications of 1.25, 2.5, and 10, depending upon the particular 

type of measurement. 

D. NOISE MEASUREMENTS 

For readout of the stored holograms, three different systems were used. 

The first used a GPL1000 television camera for detection of the image and dis¬ 

play on a Conrac CZB17 monitor. The second system used direct projection of 

5 
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Figure 2. Photograph of white field portion of object transparency.

the image with an RCA 931A photomultiplier tube for detection of the signal.

The third system was a Hewlett-Packard 8553B spectrum analyzer.
A block diagram of the apparatus used for the noise measurements with the 

television readout apparatus is shown in Fig. 3. The detected image magnified 

1.25 times is viewed first on a Tektronix model 529 waveform monitor on which 

single or multiple lines or fields can be displayed. The TV' signal is then fed 

to an RCA-developed image slicer, and then to the Conrac monitor. The signal 

can either bypass the image slicer for direct viewing on the monitor or be 

processed by the slicer, and the result displayed on the monitor.
In the image slicer, the ac-coupled video signal is added to a dc voltage 

controlled by a helipot. The sum is fed to a nonlinear circuit whose voltage 

transfer function is a negative going pulse of approximately Gaussian shape,
0.7 V in output amplitude, and about O.CIA V wide at the 50% points. vJhen the 

output of this device is fed to the monitor, all portions of the video signal 
which fall within j<).007 V of the voltage set by the helipot appear as white 
areas on the screen. When the dc level set corresponds to blanking level, the 

device puts out a 0.7 V blanking waveform which causes the entire monitor screen

E. C. Fox, private communication.



Figure 3. Schematic diagram on noise measurement 

system using image slicer. 

to suddenly increase in brightness. Noise was measured on a peak-to-peak basis, 

by adjusting the dc level in the slicer to the two levels at which just a few 

white dots, representing the noise peaks, appeared in the area in question. 

The difference of these levels was taken as the peak-to-peak noise. 

A block diagram of the scanning photomultiplier apparatus used to measure 

the noise in direct projection is shown in Fig. 4. A motor-driven RCA 931A 

photomultiplier tube with pinhole apertures of varying sizes was used to scan 

a line across the image. The output was then displayed on a Y,T recorder. The 

maximum spatial frequency response of this system was calculated in the follow¬ 

ing way: we assume that the required time of observation of an element of the 

image is equal to the time constant Tq of the detection apparatus which is 

T - 0.13 s in this case. During this time interval the aperture of the photo¬ 

multiplier samples a length Xffi = vTq, where v is the scan velocity. Xm is, 

then, the smallest element which can be sampled. The smallest velocity obtain¬ 

able with our apparatus is ^250 ym/s which gives X^ = 32.5 ym. The correspond¬ 

ing maximum spatial frequency is 30.8 mm . The system response can be de¬ 

creased by increasing the scan velocity of the time constant, or by increasing 

the pinhole size. The effective response of the system can also be increased 

by magnification of the image. For the scanning photomultiplier measurements 

the magnification was 10X. 

The spectrum analyzer was used to measure the output in frequency of the 

television camera pickup of the image. This system scans the input video sig¬ 

nal with a narrow (in this case, 10 kHz or 30 kHz) bandpass filter and dis¬ 

plays the video signal spectrum as a function of frequency. This method of 

7 



VARIABLE 

Figure 4. Schematic diagram of scanning photomultiplier system. 

measurement differs from the TV and scanning photomultiplier methods in that 

these systems measure the signal/integrated noise up to a given frequency while 

the spectrum analyzer provides a measure of the video signal plus noise at the 

particular frequency. The output of the spectrum analyzer is then the deriva¬ 

tive of the signal/integrated noise measured with the TV and photomultiplier 

systems. The image was magnified 2.5X for these measurements. 

E. DEFINITION OF NOISE 

In the measurements reported here image noise is defined as the spatial 

variation in the intensity of the readout image. We do not include as a noise 

source the fluctuation in intensity from image to image, since it is assumed 

that such fluctuations can be corrected either with improved recording appa¬ 

ratus or by gain control in the readout optics (e.g., variation in readout 

laser power). We have also excluded as a noise source variations in uniformity 

across the image which arise from the fact that the holograms were recorded 

using Gaussian beams 1.9 to 2.5 cm in diameter. In this work the radial vari¬ 

ation in intensity, primarily of the reference beam, over the distance for 

which the object and reference beams overlapped, produced a 35 to 40% varia¬ 

tion in the uniformity of the diffraction efficiency. This variation is a 

smooth continuous one with higher frequency noise superimposed as shown in 

Fig. 5. Figure 5 is an oscilloscope tracing of a single horizontal line of the 

image as detected with the television camera and the Tektronix model 529 wave¬ 

form monitor. The variation in the signal amplitude is a measure of the 

8 



Figure 5. Waveform monitor oscilloscope tracing of a single TV line 
of the image of the 100th hologram recorded and fixed.
The signal has a side-to-side rolloff due to nonuniformity 
of the recording light beams.

side-to-side image intensity. In summary, we exclude from our definition of 
image noise those variations in signal amplitude that are due to fluctuations 
in the recording apparatus or to correctable defects such as the beam size.

The S/N ratio is defined as the ratio of the light intensity to the rms 
fluctuation of the light intensity. For both the TV camera tube and the photo­

multiplier tube the output current is proportional to the incident light inten­

sity. The S/N ratio, SNR, expressed in dB is then:

SNR
20 logd/^rms^ 20 log(i/i^)

where I is the signal light intensity and is the rms fluctuation in the
light intensity, i is the detector output current, i^ is the rms fluctuation
in the tube current. We measure the peak-to-peak noise using either of the
above systems. In terms of the peak-to-peak noise intensity 1^^ or output

current i fluctuations, the S/N ratio is 
PPrr

SNR = 20 log(2v^ ^s'^Sp^ “ log(2/2 i^/ipp)
9.03 dB + 20 log(Ig/Ipp) 
9.03 dB + 20 log(ig/ipp)



III. S/N MEASUREMENTS 

The purpose of this program is to measure the degr<hiation in image quality, 

if any, as the number of images stored is increased. To measure this effect we 

recorded and fixed ten holograms of the object shown in Eig. 2 in a crystal of 

iron-doped LiNbO^. One hundred holograms of the same object were recorded and 

fixed in a crystal from the same boule which had undergone the same thermal 

treatments. S/N measurements were made on the readout images from each of 

these crystals using the image slicer, scanning photomultiplier systems and 

the spectrum analyzer discussed above. 

A. TRANSMITTED OBJECT BEAM 

Recording and readout of thick phase holograms require the use of highly 

coherent monochromatic light. The use of coherent light, however, shows up 

even the smallest defects in an optical system. Imperfections in the object, 

imaging optics, and recording medium such as bubbles and scratches, dust on 

these elements and fringes from multiple reflections, produce an image replete 

with bullseyes, mottling, and fringes. Figure 6(a) shows an example of this 

effect as photographed from the Conrac monitor. For comparison purposes, 

Fig. 6(b) shows the same image when the object is illuminated with incoherent 

white light. Defects visible with monochromatic laser light are not visible 

with incoherent white light since the broad range of wavelengths in the source 

smear out diffraction patterns, multiple reflections, etc. Diffuse illumina¬ 

tion of the object with laser light will produce an image which is free of 

such cosmetic defects. Such illumination, however, produces speckle noise 

which increases in severity as the size of the aperture of the imaging system 

decreases [10], 

Earlier work on thin phase holograms at RCA Laboratories showed that an 

optimum solution to this problem exists between the extremes of diffuse illu¬ 

mination and single beam illumination. Gerritsen et al. [10] have shown that 

a two-dimensional source of illuminating beams reduces the effect of system 

defects significantly without introducing objectionable speckle noise. They 

10. H. J. Gerritsen, W. J. Hannan, and E. G. Ramberg, Appl. Opt. 7, 2301 
(1968) 

i-. 
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Figure 6. Television image of the object transparency
(a) illuminated with a single laser beam;
(b) illuminated with a tungsten filament 
lamp.



used a two-dimensional phase grating to generate a multiplicity of object 
beams of approximate!v equal amplitude. This arrangement produces a measure 
of immunity or redund ncy from system defects since each of the object beams 
travels a different path through the optical svstem and records a separate 
subhologram with the reference beam. The S/M ratio of this multiple beam 
hologram is then increased over that of a subhologram by where N is the
number of subholograms. The maximum amount of redundancy obtainable for a 
given object and recording arrangement has been analyzed by Firester et al. [11j 

In our work a two-dimensional thin phase grating with 750 lines/inch 
spatial frequency was used to produce the multiplicity of object beams. This 
grating produced nine beams of approximately equal amplitude and a large number 
of less intense beams from the higher diffraction orders. Figure 7 shows the

Figure 7. Television image of the object transparency illuminated 
with multiple laser beams.

Tl. A. H. Firester, E. C. Fox, T. Gayeski, W. J. Hannan, and M. Lurie, RCA 
Review 33, 131 (1972).



transmitted object beam with the grating in place. This is to be compared with 
Fig, 6(a) for a comparison of the cosmetic quality of the object with and with­

out multiple object beam illumination.
The use of multiple object beam illumination will also superpose the 

spatial frequency of the source grating on the object. For a particular appli­

cation the spatial frequency of the source grating must exceed the maximum 
spatial resolution of the display. Illumination of the 10 mm wide aperture 
with the 750 line/inch grating produces a pattern with a spatial frequency of 
29.5/mm in the horizontal direction. For a TV system with a horizontal scan 
time of 53 us, a raster width of 13.5 mm, and an optical magnification of 
1.25X, this is equivalent to 6 MHz. Figure 8 is a oscilloscope trace from a

I I

0 2 ^ 6 9
F REQUENCY (MHz)

Figure 8. Spectrum analyzer tracing of the frequency spectrum 
of the readout image in showing 6 MHz frequency com­

ponent due to the phase grating.

Hewlett-Packard 8553B spectrum analyzer showing a small peak at 'u6 MHz corre­

sponding to the grating pattern. This is demonstrated more clearly in Fig. 9. 
Figure 9(a) is a photograph of the transmitted object beam after it is magni­

fied 2.5X and displayed on the monitor. Figure 9(b) shows the corresponding 
trace from the spectrum analyzer. Because of the magnification of the object.
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Figure 9. (a) J'eievision image uf the object transparency as

in Fig. 7, but with 2.5X greater magnification in the 
recording optics. (b) Spectrum analyzer tracing of 
the frequency spectrum of the image shown in (a).
The grating frequency and its harmonics are reduced 
by a factor of 2 corresponding to the increased 
system magnification.



the grating pattern is well within the bandpass of the display system and can 

be clearly seen. The spectrum analyzer photograph shows that the image con¬ 

tains a large MHz component and harmonics corresponding to the magnification 

of 2.5X. The interpretation of these results will be discussed 

below. 

Using the Image alicer and TV system the S/U ratio of the transmitted ob¬ 

ject beam was measured to be 29-31 dB using the grating and optical system 

described above. 

B. READOUT IMAGES 

1. Crosstalk 

Ten and one hundred holograms were recorded and fixed using the wrlte- 

whlle-hot technique in 0.4-cm-thlck crystals. The holograms were spaced 0.2” 

apart. Hologtam crosstalk was measured by leaving one hologram position blank 

between the 49th and 50th holograms and measuring the light Intensity scattered 

from the crystal at the angle where the missing hologram was located. Scattered 

light due to surface and bulk defects was estimated from the scattered light 

intensity at angles beyond the range over which the holograms were recorded. 

Fro. these measurements the rms crosstalk noise was estimated to be v-51 dB 

down from the peak image Intensity. This is In good agreement with a theoreti¬ 

cal estimate of -54 dB obtained assuming incoherent addition of crosstalk in¬ 

tensities [12). The magnitude of the scattered light due to defects and optical 

damage during recording was estimated to be of the same magnitude (-. -51 dB). 

2. Hologram Amplitude 

As noted above, the S/N measurements do not include the variations in 

peak signal intensity from hologram to hologram within a sequence of recorded 

holograms. In our work we found that in two recordings of 10 holograms, the 

average signal/peak-to-peak fluctuation was 2. For 100 holograms, the average 

signal/peak-to-peak fluctuation was -1.5. The fluctuations in both cases are 

random, due most likely to recording system perturbations. 

12. w7 j7 Burke, Monthly Report, Contract No. N0001A-75-C-0590, October 10, 

1975. 
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Th« 1/N2 decrease In S/N rallo, where N le the number o£ holograms re¬ 

corded observed by Tech [131, Is not observed In this experiment since this 

decrease Is due to a decrease In the diiiracted signal power of successively 

..corded holograms. We do not observe this effect because In the recording 

procedure we compensate with variable exposure times. 

3. S/N Measurements with the Image Slicer 

Figure 10 shows photographs taken off the TV monitor of (a) 1st. (b) 50th. 

and (c) 100th holograms recorded and fixed, and read out with no bandpass filter 

in the system, «s displayed on the monitor and observed visually, there does 

not appear to be any significant variation In image quality. 

The measured S/N ratio obtained using the Image slicer system Is shown 

in Fig. 11. Shown In this figure are the results for one recording of ten 

holograms and two different recordings of one hundred holograms with either no 

filter or a 5 MHz low-pass filter in the system. The two separate recordings 

of 100 holograms produced a mean S/N ratio of 27.4 and 21 dB, respectively, 

for the case where the 5 MHz filter was present in the system. With no filter 

in the line, the mean S/N ratio for the second recording dropped from 24 

to 22.5 dB. The results for 100 holograms show what appears to be only a 

slight Cv2 dB) degradation in S/N ratio with increasing hologram number. 

The measurements on the 10 holograms and those on the first run of 100 

holograms were made at the same time while the second run of 100 holograms was 

made at a later date on the same crystal. The meen S/N ratio for these two 

runs differs by approximately two standard deviations. It Is therefore 1 y 

that this difference in the mean SNR Is due to a change in the recording optics 

or in the measurement apparatus. For the case of the 10 holograms end the 

first run of 100 holograms, a statistical analysis of the results shown in 

Fig. 11 indicates that there is MO* probability that there is no difference 

in the S/N ratio between recording 10 and 100 holograms. 

4. S/N Measurement with Scanning Photomultiplier 

The S/N ratio of the readout hologram was measured directly using a photo¬ 

multiplier to scan a line across the readout image. The scanning system and 

13. R. G. Zech, Ph.D 
. Thesis, University of Michigan, 1974. 



Figure 10. Television image of the (a) 1st; (b) 50th, and 
(c) 100th hologram recorded and fixed.
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Figure 11. S/N ratio as a function of hologram number 

measured with the image slicer. 

aperture were discussed above. For these measurements the image was magnified 

by a factor of eight as compared to that used for the noise measurements made 

with the TV system. This was done to increase the spatial resolution of the 

scanning aperture. 

Figure 12 shows the measured S/N ratio as a function of spatial frequency 

in the enlarged image of a readout hologram. Also shown is the S/N ratio for 

the transmitted object beam measured in the same way. In each case, the S/N 

ratio decreases with increasing spatial frequency until it saturates at a 

level of 9 dB. This saturation is an artifact of the experiment in that once 

the signal/peak-to-peak noise reaches one (9 dB rms) we cannot measure a 

further increase, if any, in the noise. 

The results shown in Fig. 12 are the signal/integrated noise ratio up to 

the cutoff of the low-pass filter which the scanning aperture forms. The 
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Figure 12. 
S/N ratio as a function of spatial frequency of the image 

readout from a recorded and fixed multibeam hologram 

measured with the scanning photomultiplier and of the 

ject transparency illuminated with a single laser beam. 

The optical magnification is 8X that in Fig. 11. 

signal itself has an approximately dc component (a white field) and a small 

0.53 ran-*' component due to the slits. The decrease In S/N ratio comes about 

from the cumulative increase In the total noise as the bandwidth of the low- 

pass filter increases. The S/N ratio for the transmitted object beam decreases 

rapidly at low spatial frequency due to the low frequency noise contribution 

from cosmetic defects. In the case of the recorded multiple-beam hologram, 

the S/N ratio remains high over this frequency range, and then decreases as 

the bandpass overlaps the spatial frequency of the grating. 

This measurement of the noise in the readout Image is the same as that 

made with the Image alicer and monitor In that the Integrated noise up to the 

filter cutoff or system response cutoff, whichever Is lower, is measured. The 

results presented here are consistent with those measured with the TV system 

within the range of response of the TV system. At the spatial frequency equlv- 

aient to 5 MHz in the TV experiment, the S/N ratio Is essentially the same 

19 



in the two cases. With the scanner, however, it is possible to extend the 

range of measurements significantly further in frequency. 

5. Noise Measurements with a Spectrum Analyzer 

In these measurements, the image was magnified by a factor of 2.5X. The 

inage was detected with the GPL1000 camera and its frequency spectrum measured 

with the HP8553B spectrum analyzer. 

Figures 13(a) and (b) show oscilloscope traces for hologram number 1 of 

100 over the frequency range from 0 to 5 MHz and 0 to 10 MHz, respectively. 

Also shown in each photograph is the baseline signal when the input light to 

the camera was blocked. The difference between the two traces in each photo¬ 

graph is the output of the TV camera as a function of frequency due to the 

image. The peak at 3 MHz in Fig. 13(a) and the peaks at 3, 6, and 9 MHz in 

Fig. 13(b) are the imaged grating fundamental frequency of 3 MHz and its 

harmonics as discussed above in reference to the transmitted object beam. 

Figure 14 shows an oscilloscope trace for the 100th hologram over the fre¬ 

quency range from 0 to 5 MHz. Comparison of Fig. 14 with Fig. 13(a) shows 

that no significant difference exists between TV output signal for the two 

cases. This is quite remarkable. This observation is also in agreement with 

the results obtained with the image slicer with no significant difference be¬ 

tween holograms 1 and 100. 

Figures 15(a) and (b) show the sjectrum analyzer traces for the trans¬ 

mitted object without the phase-grating over the frequency range 0 to 5 MHz 

and 0 to 10 MHz, respectively. In these photographs the peaks at 3 MHz and 

its harmonics are missing since the phase-grating was not used to illuminate 

the object. Comparing Fig. 15(a) and (b) with Fig. 13(a) and (b) and Fig. 14, 

the difference between the TV output due to the image and the baseline is 

larger at low frequencies (3 MHz) for the transmitted object beam than for 

holograms recorded with multiple object beam illumination. 

The object used in these tests, as shown in Fig. 2, is a white field 

which covers ^40% of the transparency width with two slits in the field. The 

white field will produce a spatial frequency of M..5 kHz at this magnifica¬ 

tion. The two slits will produce a spatial frequency of M).5 MHz plus har¬ 

monics. Thus, on the frequency scale shown here, the signal field is essen¬ 

tially dc, while the slits will contribute a small component at M).5 MHz. The 
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Figure 13. Spectrum analyzer tracing at an optical magnilication 

2X that of Fig. 11 of the readout image from the 1st 
of 100 holograms. (a) over the 0 to 5 MHz frequency 
range; (b) over the 0 to 10 MHz frequency range.
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Figure 14. Spectrum analyzer tracing as in Fig. 13
of the readout image from the 109th holo­

gram over the 0 to 5 MHz frequency range.

remainder of the signal observed is then due to noise in the image. The spec­

trum analyzer output signals for hologram number 1 and for the transmitted ob­

ject beam with single beam illumination are plotted in Fig. 16. [The spatial 
frequency scale shown in Fig. 16 is four times that in Fig. 12 due to the 
differing magnifications.] Figure 16 is the derivative of the results shown 
in Fig. 12 because here we are measuring the output of the camera tube over a 
narrow passband at the spatial frequency of interest, while Fig. 12 shows the 

-dc signal/integrated noise ratio.
The results presented in Fig. 16 show that the noise decreases with in­

creasing spatial frequency over the range of frequencies measured here. The 
noise is primarily low frequency in nature and is associated with the cosmetic 
defects (dust, scratches, etc.) as shown in Fig. 6(a). The primary noise 
source in the readout image at high spatial frequency is the redundancy device

Itself.

As discussed above, the use of a redundance device reduces the noise 
n the readout image by where N is the number of subholograms recorded
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(b )
Spectrum analyzer tracing of the object 
transparency illuminated with a single 
laser beam. (a) over the frequency range 
0 to 5 MHz; (b) 0 to 10 MHz.



Figure 16. Data from Fig. 13 and Fig. 15 plotted as a function 
of spatial frequency. The optical magnification is 

1/4 that shown in Fig. 12. 

using the multiple beam illumination. From Fig. 16 we see that below the 

grating frequency, the noise in a given frequency range is reduced by ^6 dB. 

This is equivalent to ^ - 2, or that four subholograms were recorded rather 

than the 9 expected for this grating. This difference is probably due to a 

combination of aperturing in the optical system and nonuniform overlap of the 

recording beams which leads to a reduction in the contribution of some of the 

subholograms. 
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IV. SUMMARY AND CONCLUSIONS 

From Che measurement» with the TV system and the spectrum analyzer pre¬ 

sented here, there does not appear to be any signlilcant degradation in the 

SIS ratio in the readout image with increasing numbers of holograms. These 

measurements were limited primarily by the large amount of noise in our recor - 

ing apparatus. The primary source of noise in these recordings was scattering 

from defects and multiple reflections in the optics. Crosstalk and light- 

induced defect scattering were much smaller (-25 to -30 dB) than the contri 

button from the optical system. 

The results presented show that the recording of multiple object beam 

holograms can considerably reduce the low spatial frequency noise due to these 

defects. The price paid for this improvement is the introduction of a noise 

source at the fundamental frequency and harmonics of the redundancy device. 

Thia is most clearly seen from Fig. 12 and Fig. 16. From these figures we see 

that the signal/integrated noise is high (-35 to 40 dB) at frequencies less 

than 14 mm'1 in the object transparency. The decrease at higher spatial fre¬ 

quencies 1. due to the presence of the grating as a noise source. For objects 

with spatial frequencies ¿ 14mm-1, improved optics and greater redundancy can 

lead to significant further Improvements in the S/S ratio. 

Figure 16 shows that the scattering noise decreases with increasing spatial 

frequency. Therefore, for objects containing primarily high spatial frequen¬ 

cies, scattering noise is not as important. Since this is precisely the range 

in which the redundancy device Itself is the dominant noise source, such de¬ 

vices should not be used for objects containing primarily high spatial fre¬ 

quency. For this case low frequency spatial filtering and improved optics 

would be the preferable approach. 
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