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H ~ B ~ , C U O , + ~  (Hg1201) samples with 0.03StK0.4 have been obtained. The magnetization of the 
powdered Hg120 1 samples was determined using a Quantum Design SQUID magnetometer. It was 
observed that while the magnetization of Hg1201 increased with S i n  the underdoped region, the 
magnetization decreased with Sin the overdoped region. These results suggest an increase of n,lm * 
with oxidation in the underdoped region and a decrease in the overdoped region, similar to that 
reported in underdoped HTSs and overdoped TI2201 and T11201. 6 1996 American Institute of 
Physics. [SOO21-8979(96)03 108-61 

I. INTRODUCTION 

Soon after the discovery of high-temperature supercon- 
ductivity (HTS), it was realized that the existence of CuO, 
layers in HTSs is very crucial and the charge carriers in the 
CuO, layers control the physical properties in both the su- 
perconducting state and the normal state. T,  is one of the 
properties that the charge carriers in the CuOz layers have a 
marked effect upon. On the one hand, it was found that there 
are three different regimes in the relationship of T ,  to the 
number of charge carriers n in the CuOz layers (where n is 
determined from valence balance or thermoelectric).'-3 The 
underdoped region is where the superconducting phase ap- 
pears near the insulating magnetic phase. T ,  increases with 
increased n in this region. The optimal doping region is 
where T ,  approaches the highest values within the given 
series. Next, comes the overdoped region. In this region, T ,  
decreases with further increases in n .  On the other hand, 
based on muon spin-rotation (pSR) it was 
found that T ,  vs n,/m* forms a double-valued relation in 
TI2201 (where n ,  is the superconducting condensate density, 
m* is the effective mass). This means that as n increases, 
n,lm* increases in the underdoped region, and decreases in 
the overdoped region. Until now, most studies have concen- 
trated on the underdoped and optimal region, probably be- 
cause underdoped and optimally doped samples are fairly 
easy to synthesize for most HTS systems. On the contrary, 
the overdoped region has been observed in only a few sys- 
tems. The HgBa2Cu04+s compound (Hg1201) has been 
shown to be scientifically significant,' because it has the 
highest T ,  among all HTS materials that have one CuO, 
plane, and has the widest doping range that can be achieved 
by changing oxygen content alone.' Thus it is a good candi- 
date for studies on charge carrier and doping related proper- 
ties in the overdoped region. 

In this article, we report a study of T ,  vs n,/m * done by 
measuring the magnetization volume fluctuation of Hg1201 
when oxygen content is varied from 0.03 to 0.4, covering the 
entire range from T ,  = 0 K (underdoping region) to T ,  = 20 K 
(overdoping region). We observed that the magnetization of 
Hg1201 increases with S in the underdoped region and de- 
creases with S in the overdoped region. The results suggest 
that a double-valued relation of T ,  to n,lm* also exists in 
the Hg120 1 compound. 

II. EXPERIMENT 

All samples were synthesized by a two-step method, i.e., 
by first forming a precursor of (Ba, Cu) oxides, then reacting 
HgO with the precursor inside an evacuated quartz tube. Pre- 
cursor with an initial composition of Ba,CuO, was prepared 
by a solid-state reaction. Hlgh-purity powders of BaO 
(99.95%) were thoroughly mixed in appropriate proportions. 
The mixed powders were calcined in an alumina crucible at 
930 "C for 24 h under a mixed gas of Ar:0=4:  1. Three in- 
termediate regrindings were carried out during this period. 
The composite Hg source used was a prereacted Hgl:2:0:1 
pellet made by compacting the thoroughly mixed HgO 
(99.998%) and pulverized precursor powder. A reactant pel- 
let was sealed in an evacuated quartz tube of fixed volume. 
together with an extra Ba2Cu0, precursor pellet. Details 
were given in Ref. 9. A stainless-steel tube was used to con- 
tain the quartz tube as a safety precaution. The whole assem- 
bly was then heated to 800-830 "C for 8 h before slow cool- 
ing to room temperature. Samples with different oxygen 
content were obtained by heating as-synthesized samples at 
different temperatures and oxygen partial pressures for ap- 
propriate periods of time.9 To reach the underdoped region, 
the sample was heated in a vacuum of - 2 x  Torr at a 
temperature between 200 and 450 "C for 20-100 h. For the 
overdoped samples, the as-synthesized compound was 
heated in a 1-500 bar 0 atmosphere between 240 and 
400 "C for 10-300 h. Phase characterization was performed 
by x-ray powder diffraction on a Rigaku DMAXBIII dif- 
fractometer. The magnetization was measured using a Quan- 
tum Design SQUID magnetometer. The oxygen content 6 of 
the samples were measured by thermogravimetr~c analysiss 
and calibrated using neutron powder diffraction.I0 

Ill. RESULTS AND DISCUSSION 

Figure 1 shows the x-ray diffraction pattern of one of our 
as-synthesized samples, which indicated that the Hg1201 
sample was nearly single phase. Figure 2 shows the normal 
state susceptibility as a function of the temperature. The data 
fits the Curie law, x = x o + C I T ,  very well with 
xo= 1.04X emulg and C=2.45X emulg. The mag- 
netization in various magnetic fields H has also been mea- 
sured. As shown in the inset of Fig. 2, the magnetization 
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IN SITU THIN FILM STRESS MEASUREMENT USING HIGH 
STABILITY PORTABLE HOLOGRAPHIC INTERFEROMETER 
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ABSTRACT 

A stress in thin film SiOz was detected using high stability portable 
holographic interferometer. A stress relaxation phenomenon in this film 
thickness of 0.5 prn on Si wafer has been observed. This phenomenon does 
not exist in film with thickness of 1 pm. The advantages of the proposed 
measured technique and results are discussed. 
Key words: Merometry, stress instability, relaxation, thin film, 
portability. 

1. INTRODUCTION 

Stress in thin film after deposition on hot substrate causes damage to the film 
because of the difference in the thermal expansion coefficients of the film 
and wafer. Traditionally the standard dual wavelength laser deflection device 
Tencor FLX 2320A is used. This device needs recalibration in time, is 
expensive, not portable, operates in quasi-real time. 
The challenge of thin film fabrication technology is stress measurement ' 
usmg a portable, economical real-time technique. We demonstrate a 
prototype of interferometer which satisfies condition listed above. 

2. EXPERIMENT 

A prototype of the device for stress testing of thin film is presented in Fig. 1. 
Using a single-beam construction of interferometer and a reversible 
thermoplastic camera which is fixed on a rigid frame, we can eliminate a 
vibroprotection system. Under this condition it is possible to create hlgh 
stable real-time interferometer for testing long time stress relaxation 
processes.The diffracted efficiency of thermoplastic film - is 15 % using 2 mW 
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Abstract 

Biaxially aligned YBa2Cu,07-, thin films have been fabricated on glass substrates with an in-plane aligned yttria-stabi- 
lized zirconia (YSZ) buffer layer. Ion-beam assisted pulsed laser deposition was used to prepan the YSZ buffer layers on 
amorphous glass substrates. The YSZ films deposited at room temperature exhibited (001) orientation, whereas at 
temperatures higher than 300"C, YSZ gnw with high degree of ( I  I I) orientation. Both the (001) and (1 1 1) YSZ films were 
biaxially aligned. YBa2Cu307-, films deposited using pulsed laser deposition on biaxially aligned (001) YSZ on glass were 
highly c-axis oriented and strongly a-b plane aligned. A critical tempelature T,, ( R  - 0) of 87.1 K was routinely achieved 
and Jc was in the range of - 104 ~/crn ' .  The limitation in J, was found to be due to microcracks in the YBCO film 
caused by the tensile stress resulting from the thermal expansion mismatch between the glass and YBCO. The results suggest 
that glass with a better thermal expansion match to YBCO would lead to higher Jc values. 

Keywords: Multilayers; 'Ihermal expansion; 'lhin tilms; YSZ structure 

1. Introduction 

Fabricating YBa,Cu,O,-, (YBCO) films on 
non-single-crystal substrates has been a challenge 
since the successful deposition of epitaxial YBCO 
films on single crystal substrates ill. One reason for 
the intense interest is that some polycrystalline and 
amorphous materials have more appropriate physical 
properties for device applications than that of single 
crystal substrates used in YBCO film growth. For 
example, the low dielectric constant and low loss 
tangent of some non-single-crystal materials are at- 
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tractive for substrates or insulating layers in super- 
conducting multi-chip modules. substrate cost is-an- 
other significant factor in favor of non-single-crystal 
materials. In recent years, biaxially aligned YBCO 
films have been successfully deposited on polycrys- 
talline metal alloy substrates, through the use of a 
yttria-stabilized zirconia (YSZ) buffer layer, which is 
deposited by an ion beam assisted deposition (IBAD) 
technique [2-61. A J ,  value of 1 X lo6 ~ / c m ,  has 
been achieved at 75 K for a YBCO film on Ni based 
alloy 161, demonstrating that growing high quality 
YBCO films on polycrystalline substrates is possible. 

The success with polycrystalline metal alloy sub- 
strates has prompted an even more intense interest in 
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Physics of dark solitons 

Yuri S. Kivshar, Optical Sciences Centre, 
Australian National University, 
ACT 0200 Canberra, Australia 
The main objective of this talk is to give a 
simple introduction into the physics and 
properties of "dark" solitons and related 
localized modes, which occur in different 
problems of nonlinear optics. Unlike con- 
ventional (bright) solitons, dark solitons are 
spatially localized modes (or pulses) that 
exist on a background wave with nonvan- 
ishing asymptoics, the latter being usually 
modulationally stable. In the other words, 
a 2D da~k-soliton is.a phase- kink that con- 
nects two plane waves with the same am- 
plitudes but different phases. In practice, 
such solitons are created of a background 
beam (or pulse) of finite extent but much 
longer than the soliton itself. 

From the physical point of view dark 
solitons can be viewed as the reflectionless 
modes of the optical waveguide they in- 
duce whereas bright spatial solitons are the 
bound modes.' In the case of two trans- 
verse degrees of freedbm such solitons may 
be observed as dark soliton stripes or grids' 
with the properties similar to those of 2D 
dark solitons. Dark solitons of circular sym- 
metry (optical vortex  soliton^)^ have been 
predicted and shown to be stable, and they 
have been already observed experimentally 
in self-defocusing materials. O n  the other 
hand, dark soliton stripes are unstable to 
transverse long-wavelength modulations. 

Along with the topics which were pre- 
viously reviewed in the literature (see, e.g., 
the review paper,4 the present talk also 
mentions very recent results including po- 
larization domain walls, optical vortex 
solitons, ring dark  soliton^,^ dark solitons 
in media with xI2) nonlinear susceptibility, 
etc. 

In particular, in dispersive materials with 
quadratic nonlinearities dark solitons may 
exist only for the opposite dispersion of the 
fundamental and second harmonics. For a 
small phase mismatch of the wavevectors 
of two harmonics such solitons are shown 
to possess nonmonotonous (oscillating) tails, 
which make the interaction between the 
neighboring solitons nontrivial: For exam- 
ple, such solitons may form stable bound 
states of two (or more) dark solitons. 

A link between a variety-of optical prob- 
lems and corresponding problems of the 
theory of a weakly compressible fluid and 
nonideal Bose gas will be mentioned as well. 

! 1. A. W .  Snyder, D.  J .  Mitchell, and B. 
Luther-Davies, J .  Opt. Soc. Am B 10, 
2341 (1993). 
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Recently, we reported on the prediction',' 
and observation.' of a new type of spatial 
soliton. For this new spatial soliton, com- 
pensation for diffraction is accomplished 
through the photorefractive effect. In this 
case, a Gaussian beam incident on a pho- 
torefractive crystal is trapped at a diameter 
of about 30 pm and propagates through 
the crystal while maintaining its spatial 
shape and defying the rules of diffraction. 
We have referred to our observation as a 
photorefractive bright soliton. 

Physically, this phenomenon can be 
understood by picturing diffraction of a 
Gaussian beam as if each Fourier compo- 
nent of the beam propagates indepen- 
dently. Because each component has a dif- 
ferent k-vector projection along the  
propagation direction, the relative phase 
between Fourier components changes as a 
function of propagation distance 2 .  Con- 
sequently, the sum of the Fourier compo- 
nents produces a different waveform at each 
: along the propagation direction. Thus, 

between all pairs of Fourier components 
through two-beam photorefractive cou- 
pling. 

Our observations of bright photorefrac- 
tive solitons have led to more recent ob- 
servations of dark planar and vortex pho- 
torefractive solitons.",%ere we report on 
the experimental observation of the use of 
a dark planar soliton to act as a waveguide 
for a second laser beam, which is injected 
into the dark notch of the planar soliton. 
To produce the planar dark soliton, we used 
the output of an  argon-ion laser (Fig. 1) 
with a thin glass slide inserted into half of 
the beam to produce a wave front at the 
SBN photorefractive crystal that had the 
proper .rr phase jump at its center. Figure 
2 shows the waveform at the output crystal 
face with and without dark-soliton forma- 
tion. The external field required to trap the 
dark soliton was -400 V/cm along the c 
axis of the crystal. The width (FWHM) of 
the dark notch was 33 pm at the entrance 
face of the crystal. At the exit face, the dark 
notch was 49 p n  without the applied volt- 
age. With the applied voltage, the dark 
soliton formed about halfway through the 
crystal, with a width of 10 Km. Once the 
planar dark soliton was formed, the argon 
beam was blocked and a He-Ne beam was 
focused and injected into the notch. As 
shown in Fig. 3, the He-Ne Gaussian beam 
diameter was 22 Fm at the entrance face 
of the crystal. The He-Ne beam diameter 
at the exit face was 105 pm without the use 
of a dark planar soliton and was 18 pm 
with the use of the dark planar soliton. 
Alignment of the He-Ne beam was found 
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Dark Photorefractive Spatial Solitons and Photorefractive Vortex Solitons 

Galen Duree,' Matthew Morin,' and Gregory Salamo,' 
Mordechai S e g e ~ , ~  Bruno Cr~s ignan i ,~  Paolo Di Porto,' Edward Sharp: and Amnon Yariv5 

I Physics Department, University of Arkansas, Fayetteville. Arkansas 72701 
ZElectrical Engineering Department and Advanced Center for Photonics 

and Optoelectronic Materials (POEM) and Princeton Material Institute (PMI), 
Princeton University, Princeton, New Jersey 08544 

'Dipartimento di Fisica, Universitd dell'Aquila, L'Aquila, Italy 
4Army Research Laboratory, Fort Belvoir, Virginia 22060 

5California Institute of Technology, Pasadena, California 91125 
(Received 30 June 1994) 

We report on the first experimental observations of dark, planar. spatial photorefractive solitons, and 
photorefractive vortex solitons that are trapped in a bulk (three-dimensional) photorefractive media. 
Both the dark and vortex solitons possess the "signatures" of the photorefractive solitons: they are 
independent of absolute intensity, can afford significant absorption, and are inherently asymmetric with 
respect to the transverse dimensions of trapping. 

PACS numbers: 42.50.Rh 

Spatial solitons in photorefractive (PR) materials [I]  called a thresholding nonlinearity), which is a local effect 
have been the object of growing interest during the last as well. Their most distinct property is the dependence on 
two years. Thus far, three different types of PR solitons the ratio between the optical and dark irradiances, the nar- 
have been investigated. The first type of PR soliton which rowest solitons being obtained when this ratio is between 1 
has been studied stems from the nonlocal nature of the and 2. 
photorefractive effect, as manifested in the dependence of In this Letter we report on the first experimental 
the perturbation in the refractive index on the transverse observation of photorefractive dark solitons and vortex 
derivatives of the light intensity distribution [1,2]. This solitons, both belonging to the first (nonlocal) type. 
type of PR soliton [3-61 exists when an external voltage Photorefractive solitons of the first type evolve when 
is applied to the PR material, after the index gratings have diffraction is exactly balanced by self-scattering (two- 
been formed, but before the external field is screened by 
the background conductivity. Solitons of this type are tran- 
sient by nature and we refer to their time window of exis- 
tence as quasi-steady-state. Their most distinct properties 
are (i) independence of the absolute light intensity [I -31 
(for intensities much larger than the dark irradiance) and 
(ii) the capability of trapping in two transverse dimensions 
[3-51. The second type of PR soliton, which we call the 
screening soliton [7], appears in the steady state after the 
external field is screened, nonuniformly, due to the trans- 
versely nonuniform intensity distribution. This effect is 
local and results in an index perturbation that is inversely 
proportional to the sum of the optical and dark irradiances. 
Its most distinct properties are (i) dependence on the 
ratio between the optical and dark irradiances and conver- 
gence to the narrowest size for large ratios and (ii) exis- 
tence of bright solitons for a negative perturbation in the 
index while dark solitons require a positive perturbation in 
the index while dark solitons require a positive perturbation 
(this implies that the polarity of the applied field is oppo- 
site to the polarity required to generate PR solitons of the 
first type). The third type of PR soliton is present in mate- 
rials that are both photorefractive and photovoltaic. These 
photovoltaic solitons [8] stem from photovoltaic currents 
that generate (in steady state) an index perturbation analo- 
gous to the nonlinearity in a saturable absorber (sometimes 

wave mixing) of the spatial (plane wave) components of 
the soliton beam [1.2]. Intuitively, self-trapping occurs 
when diffraction (which involves accumulation, by each 
plane wave component of a beam, of a phase that is lin- 
ear in the propagation distance) is balanced by nonlinear 
phase coupling that leaves the complex amplitudes of the 
plane-wave components unchanged. Photorefractive grat- 
ings, however, typically give rise to amplitude coupling 
(energy-exchange interaction) due to a dominant diffusion 
transport mechanism for the redistribution of the photo- 
generated charge carriers. Inherently, this process cannot 
compensate for diffraction since it alters the amplitudes 
of the plane-wave components rather than balancing their 
phases. The presence of an external bias field, on the other 
hand, results in strong phase coupling and is, therefore, re- 
quired for the formation of these PR solitons. Our recent 
observations of photorefractive bright solitons of the first 
type [3,4] revealed that, unlike the Kerr-like solitons, the 
PR solitons may be trapped in two transverse dimensions 
and maintain their stability. We also presented experimen- 
tal results [5] addressing the two-dimensional problem and 
pointed out that the trapping is inherently asymmetric with 
respect to the two transverse dimensions. We have shown 
experimentally that the self-trapping effects in the direc- 
tion parallel to the external electric field ( x  direction) exist 
regardless of the size of the beam in the other transverse di- 
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W e  show that a quasi-steady-state photorefractive spatial soliton forms a waveguide structure i n  the bulk 
of  a photorefractive material. Although the optically induced waveguide is formed by a very low-power 
(microwatts) soliton beam, it can guide a powerful (watt)  beam of a longer wavelength at which the medium 
i s  nonphotosensitive. Furthermore, the waveguide survives, either i n  the  dark or when guiding the longer- 
wavelength beam, for a long time after the soliton beam is turned o f f .  W e  take advantage of  the  solitons' 
property of evolution from a relatively broad input beam into a narrow channel and show that the soliton 
induces a tapered waveguide (an  optical funnel) that  improves the  coupling efficiency of light into the 
waveguiding structure. O 1995 Optical Society of America 

It  has been established for several years that spatial 
Kerr-type solitons induce guidance of a typically much 
weaker beam'z2 through cross-phase modulation. In 
fact, the optical control of one beam by another has in- 
teresting potential applications in all-optical switching 
and beam-steering waveguide d e ~ i c e s . ~ ? ~  All these ef- 
fects are based on Kerr-type solitons, and, as such, they 
carry over their characteristic properties: (i) wave- 
guides induced by bright Kerr solitons exist only in  one 
transverse dimension1 (implying that all potential de- 
vice applications must be planar), (ii) the dimensions of 
the induced waveguide depend on the soliton intensity, 
and (iii) the guided beam is much weaker than the soli- 
ton (guiding) beam.' 

Photorefractive solitons5 have been shown to exist in 
several forms. Quasi-steady-state solitons5-l3 appear 
during the slow screening process of a field applied ex- 
ternally to a photorefractive crystal. Solitons of this 
type are transient by nature, and we refer to their time 
window of existence as  a quasi-steady state. Their 
most distinct properties are independence of the ab- 
solute light i n t e n ~ i t ~ ~ - ~ * ' ~ ~ ' ~  (for intensities much larger 
than the dark irradiance) and the capability of trapping 
in both transverse  dimension^.^-^^'^^'^ Experimental 
observations have proved the existence of one- and two- 
dimensional bright  soliton^,^-^ planar dark solitons, 
and vortex  soliton^.'^,'^ The second type of photore- 
fractive soliton is the screening soliton,14 which appears 
in the steady state, after the external field is screened 
nonuniformly as  a result of the transversely nonuni- 
form intensity distribution. This effect is local and 
results in  an  index perturbation that is inversely pro- 
portional to the sum of the optical and dark irradiances. 
Recent experimental observations have confirmed the 
existence of one- and two-dimensional screening soli- 
t o n ~ . ' ~ , ' ~  The third type of photorefractive soliton 
exists in materials that are both photorefractive and 
photovoltaic. These photovoltaic  soliton^'^ stem from 
photovoltaic currents that generate an  index pertur- 

bation analogous to the nonlinearity in a saturable 
absorber. A recent observation" confirmed the exis- 
tence of dark photovoltaic solitons in LiNb03. Some 
of these experimental observations's~'9 have shown that 
illumination of the crystal by a second (uniform) beam 
in the presence of the soliton leads to guidance of light 
in the soliton region. Finally, a recent paper predicted 
the existence of photorefractive vector solitons.20 

In this Letter we show that quasi-steady-state 
photorefractive spatial solitons may serve as optical 
waveguides for other optical beams. Photorefractive 
solitons are especially attractive for light-induced 
waveguiding because they form in two transverse 
dimensions and require very little power (they exist 
even at microwatts or less). Furthermore, since the 
nonlinearity is based on space-charge fields that result 
from charges occupying deep traps, all photorefractive 
solitons leave behind them a waveguide structure that 
persists in the dark. One can utilize this memory 
property further by using the induced waveguides to 
guide light of nonphotosensitive wavelengths (typically 
much longer than that of the soliton) that cannot 
photoexcite the trapped charges. In this scheme a 
very weak photorefractive soliton beam can guide and 
control a very intense beam. Another interesting 
manifestation of the soliton guidance is the evolution 
from a relatively broad input beam into a narrow 
channel, where the photorefractive soliton induces a 
tapered waveguide, or an  optical funnel. We study 
the guidance properties and measure the lifetime of 
these soliton-induced waveguides. We then use these 
waveguides to guide a near-infrared beam of intensity 
2 x lo4 W/cm2, approximately 5 orders of magni- 
tude larger than that of the soliton beam (roughly 
0.1 W/cm2). Finally, we point out that the two- 
dimensional soliton trapping properties7-9~'2~'3~'5 hold 
the promise of forming light needles (two-dimensional 
waveguides) in a bulk material. These and related - 
two-dimensional guidance experiments by bright and 

0146-95921951202066-03$6.00/0 O 1995 Optical Society of America 
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Abstract 
I 

The development of new techn~qus for post-synthesis processing such as polishing 
and metallization IS of intense current interest due to the potential use of diamond a s  
an MCM thermal management substrate. In our laboratory, we have been able to 
demonstrate chemically clean laser induced coarse polishing and selective laser- 
assisled metal deposition on diamond substrates. Ow technique is based on the use of 
a liquid ambient as a reactive medium for the laser processing of diamond substrates. 

1. iatroductian 
I 

Rapld changes in the electronic industry are driven by the attractiveness of faster, 
smaller, and lighter weight electronics. Much of the real estate on a typical 
semiwnductor wafer is occupied by intercoanecting electrical lines. The electronic 
"chips" themselves are so small that a further reduction in chip dimension would not 
appreciably reduce the size or weight of the electronic package, nor would it xesuit in 
faster speed of operation. One solution to this obstacle is the concept of the MCM. , 

i The term MCM refers to the concept of' developing high density electronics by 
reducing the space taken by interconnects by using multi-layered structures. 

I 
For the MCM concept or any high density electronic packaging concept lo be 
successful, thermal management is an essential requirement. High density means 
high power dissipation. As chips ate packed closely together the power density levels 

'I are very high. Since GVD diamond has a very high thermal conductivity (1 000-1 500 
W/m°C), and is now available at a reasonable cost, it is now plausible to consider free 

& 
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20 30 40 50 60 70 
ABSTRACT 

Figure 5. XRD scan of YBCOICeO, Figure 6. Phi scan of YBCO (103) 
deposited on Pyrex with DAD. family of peaks on Ce02/Pyrex. 

High quality YBQh,O,.x 6 h s  have been epitaldally @OW on MgO 
substrates with a Sr(&.,T%.,)O, (SAT) buffer layer using pulscd laser 
deposkion(PLD). SAT thin lilms were 6ra deposited on MgO (001) 
substrates by PLD. X-ray e c t i o n  shows that SAT grows with the c-a& 
highly oriented n o d  to the subskate plane. ?he subsequently deposited 
YBs,Cu,O,, filmci on SATMgO exhib'it highly epitaxial growth with a 

Y roekiug a w e  width of 0.68' and a Ip scan peak width of 1.67'. The T, value .- 
C a is 9 1 K witb a traosition width less than 1 K ?he d c a l  currat densities are 

higher than 2.7x106 Ncm' at 77 K 

INTRODUCTION 

There have been great efforts in developmg high T. svperconducting thin filmc for 
device applications since the discovery of the high T, superconductors Although high T, 
YBCO hlms have bsen successWly grown on a number of substrates, such as SffiO,, 
L a m , ,  MgO, YSZ, and LaGaO,, these substrates have some drawbacks for certain 

20 30 40 50 60 70 2 
elenronic applications . In high-frequmcy electronic applications, such as superconducting 
mubcbip mod& (MCM's), one requires arbstrates and dielectric layer materials with a low 

28, degrees dielectric cmsaut and a low 10s tangent. On the other hand the subarates should have good 
Figure 7. XRD scan of CeO, deposited Figure 8. XRD scan of YBCOlCeO, lattice match with YBCO films to provide cpkaxial growth of YBCO lnyer. In recent years, 
on Haynes without BAD. deposited on Haynes with BAD. significant efforts have been made in wrching for substrates and dielectric intermediate layer 

materials which can meet these r e q w e m ~ ~ t s  for specific electronic applications as well as the 

The Electrochemical Society P r o c d n g s  Volume 95-9 The Electrochemical Society Proceedings Volume 95-9 12 1 



* iP>T 
Z2w: 

(+)rantation 
of muscle 
)erchrome 

Proceedings of the Applied Diamond Conference 1995, p 761-4 vol.1, 1995 

Ap{~lrfunvnr of D~um/~nd Rlmr und Relured Molen~l~ fhtrd fnrcrnarrunol Confcrerl~e. 1995 761 
t:d~tor\- A Feld~lun. Y Trzog, W A Yarhrough. M Yoshiliawa, and M. Murakawa 
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Abstract 

Diamond-like carbon @LC), a themadynamically, metastable. amorphous form of 
carbon, has been a material of m n t  interest due to its wide range of applications 
Depending on the activation agent and deposition conditions, the quality of DLC 
film varies and can be used for applications ranging from optics to tools. DLC is 
hard and chemically inert. In the present study, these properties of DI,C have been 
used for the protection of high temperature superconductor (HTSC) thin films. 
DLC films were deposited on WTSC thin films using an r-f chemical vapor 
deposition system with methane gas at 30T. Films were tested for 
superconducting transition temperature (Tc) and critical current density (Jc) before 
and after DLC encapsulation. Such encapsulated HTSC films were later exposed to 
moisture to test the corrosion resistance of DLX;':HTSC structures. 

The unique properties of diamond-like carbon films make them suitable materials 
for electrical, mechanical and optical applications. Among their more attractive 
properties are extreme faardness, infrared transparency under certain deposition 
conditions, chemical inertness, good thermal conductivity, and low electrical 
conductivity [I]. YBa,CyO,, is a very interesting material with a high potential 
for application in electronics and other industrial applications. It has been 
improved considerably since its discovery to wansition temperatures of about 90 K 
and criticai current densities of greater than 106 #em2. The fact that the properties 
of YBCO superconductors degrade with exposure to air or water will limit the use 
of this material in many potential applications. Applications of these materiais, 
such as electrical rntercomts for multichip modules (MCM), magnetic sensors, 
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Epitaxial Sr2(AITa)06 films as buffer layers on MgO for YBa2Cua07-, 
thin film growth 
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Sr2(A1Ta)o6 thin films (2000-3000 A) have been deposited on MgO (001) substrates using pulsed 
. laser deposition (PLD). X-ray-diffraction analysis shows that the sr2(A1Ta)O6 grows with the c axis 

highly oriented normal to the substrate plane and very good in-plane epitaxy. The subsequently 
deposited YBa2C~307-x films using PLD on Sr2(MTa)o6 buffered MgO substrates exhibit excellent 
epitaxial growth with a narrow rocking curve width and a small 4 scan peak width. The critical 
temperature Tco of 90-92 K has been achieved reproducibly and the critical current density is over 
2 . 7 ~  lo6 Alcm2 at 77 K. 0 I995 American Institute of Physics. 

High-Tc superconducting YBa,Cu3O7-, (YBCO) films 
have been successfully grown on a number of substrates, 
such as SrTi03, LaA103, MgO, YSZ, and LaGaO, . In many 
high-frequency electronic applications, such as supercon- 
ducting multichip modules, one requites substrates and di- 
electric'layer materials with a low dielectric constant and a 
low loss tangent. In recent years, great efforts have been 
made in searching for substrates and dielectric intermediate 
layer materials which can meet these requirements for spe- 
cific electronic applications as well as the requirements for 
growth of superconducting films.'-5 Several materials such 
as ~ r T i 0 ~ , ' ~  M ~ o ? ~  YSZ,' and have been used as 
buffer layers for fabricating YBa2Cu307-, films on some 
substrates of application interest. The dielectric constant of 
SrTiO,, however, is too high to be useful in some high- 
frequency devices, whereas MgO and YSZ have a relatively 
large lattice mismatch with superconducting materials. An- 
other cubic perovskite material sr2(A1Ta)o6 (SAT) has re- 
cently become of interest as a buffer layer and dielectric 
interlayer for thin films of oxide superconductors6~7 because 
it has a good lattice match with the high-Tc superconductors. 
Ordered SAT arises from the alternate ordered distribution of 
A1 and Ta atoms on the octahedral site of the primitive per- 
ovskite unit cell, resulting in a doubling of the lattice con- 
stant. In disordered SAT, Al and Ta atoms randomly occupy 
the octahedral site. Both ordered and disordered structures 
are closely lattice matched to the a-b plane of YBCO. An- 
other advantage of SAT is that it has a lower dielectric con- 
stant than that of SrTi03. YSZ, and Ce02. Table I shows the 
dielectric properties of SAT ceramic sam~les measured at 

These properties indicate that SAT is suitable as a buffer 
layer material for high-Tc thin films in device applications. 

In this communication, we report our experimental re- 
sults on fabricating SAT buffer layers on MgO substrates and 
YBCOISATlMgO multilayers. We chose MgO as a substrate 
material in this work because it has a relatively low dielectric 
constant (€=lo) and is inexpensive compared to other sub- 
strates such as SrTiO, and LaA103. The main disadvantage 
of using MgO for making superconducting films is the large 
lattice mismatch between it and YBCO. As a result, the criti- 
cal temperature of YBCO grown directly onto MgO is usu- 
ally limited to 88 K . ~  The motivation of this study is to use 
SAT as a buffer layer to overcome the drawback of MgO. 
Furthermore, MgO has been successfully used as a first 
buffer layer on a few substrates such as MgF2 and ~ i . ' ~ ~  This 
suggests, therefore, that if SAT c m  be successfully deposited 
onto MgO, it can be used as a second buffer layer for grow- 
ing YBCO films. 

SAT and YBCO films were deposited using the pulsed 
laser deposition technique. A 193 urn laser beam generated 
by an excimer laser was focused to provide an energy density 
of - 1.3 ~lcm'. The laser repetition rate was 6 Hz. An oxygen 
pressure was maintained in the vacuum chamber at 200-250 
mTorr during deposition of both the SAT and YBCO films. 
The quality of the SAT and YBCO films was examined by 
x-ray diffraction, and four-probe Tc and J ,  measurements. 

The SAT target used was a ceramic pellet of the ordered 
phase with a lattice constant ao=7.777 A prepared using 

TABLE I. Dielectric properties of ceramic SAT with 97% theoretical - - 
both room and liquid nitrogen temperatures. Moreover. the 
thermal expansion coefficient of SAT is 9.7X "C in the Room temoerature Low temoerature (77 K) . . 
temperature range from room temperature to 600 "C, which 

10 kHz Microwave 10 lcHz Microwave is bihly compatible with that of YBCO, and there are no 
structural phase transitions and twinning behavior observed. e 11.8 10.7 11.8 ... 

(11.0 GHZ) 
tan 6 16.8 3.64 0.42 209 
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Epitaxial Tl,Ba2CaCuz08 superconducting films have been successfully grown on the dielectric 
Sr2(A1Ta)o6 (SAT) buffer layers. X-ray diffraction data showed that the films were highly c-axis 
oriented with a rocking curve full width half maximum as narrow as 0.3'. The films also had an 
excellent in-plane epitaxy with T12Ba2CaCu208[100] aligned with SAT[100] and Mg0[100] of the 
substrate. The zero resistance temperature T ,  of the superconducting films ranged from 95 to 103 K 
and the transport critical current density J,  in zero field was 3x10' A/cmZ at 77 K. O 1995 
American Institute of Physics. 

In the study of high-temperature superconducting films, 
buffer layers have been extensively because being 
interposed between the substrate and the film of interest, 
these layers can alleviate a variety of problems such as 
chemical incompatibility, thermal or lattice mismatch? As a 
new dielectric compound, Sr2(A1Ta)06 (SAT) was synthe- 
sized to be one of the potential substrate materials for the 
growth of high T,  superconducting films.8 Because of its 
relatively low dielectric constant9s10 and good thermal expan- 
sion coefficient and lattice match with YBCO,~-" SAT was 
successfully used a s a  buffer layer material for the growth of 
YBCO thin films.'0v11 Recent studies have shown that by 
depositing an epitaxial SAT buffer layer on MgO, the lattice 
mismatch problem between a MgO substrate and a YBCO 
superconducting film was reduced, leading to an improve- 
ment of superconducting 

T12Ba2CaCu208 superconducting films, while exhibiting 
higher T ,  and lower surface resistance than YBCO," are 
much more difficult to prepare with good qualities due to the 
high volatility and chemical reactivity of thallium and the 
high reaction temperature. Although best films with transport 
Jc of 1 . 0 6 - 5 . 3 ~ 1 0 ~  A/cm2 were obtained by carefully opti- 
mizing the thallination procedure and using suitable sub- 
strates such as L~A~o, '~-"  or s I ' T ~ o ~ , ' ~  the high cost and 
high dielectric constants of such substrates can Limit further 
applications of T12Ba2CaCu208 films in microelectronics. 
Some other substrates of low cost and low dielectric con- 
stants such as sapphire, silica, and MgO suffer from the 
chemical incompatibility or large lattice mismatch with 
T12Ba2CaCuz08 and consequently yield poor film quality and 
low J , .  To resolve these problems, a suitable buffer layer 
compatible both with the TI,Ba$aCuz08 film and with the 
substrate should be used. By choosing CeO, as buffer layers, 

Holstein et al. were able to avoid the chemical reaction of 
the T12Ba&aCu208 films with the sapphire substrates and 
produced epitaxial T12Ba2CaCu208 films with T ,  of 97-98 K 
and transport Jc of 2 .8~10 '  ~ / c r n ~  at 75 K., 

The crystallographic phase of ordered SAT has a double 
cell cubic perovskite structure with a lattice constant 
ao=7.777 A'' or a0/2=3.888 A, while ao=3.895 A in the 
disordered cubic perovskite.9 These lattice constants are 
close to those of Tl-based superconductors (ao=3.85-3.86 
A). In fact, SAT has better lattice match to the TlBaCaCuO 
superconductors than many other substrates such as MgO 
(a0=4.213 A), YSZ (a0/d=3.639 A), LaAlO, (a0=3.792 
A), and even SfliO., (ao=3.905 A). Moreover, SAT is simi- 
lar to SI'TiO, in structure and was tested to be chemically 
stable at high Therefore, it should also be a 
good candidate to act as a buffer layer in the fabrication of 
T1-based superconducting films. In this communication, we 
report for the first time the preparation of epitaxial 

"~ermanent address: Ion Beam Laboratory, Shanghai Institute of Metal- FIG. 1. SEM photograph of aTl,Ba2CaCu,08 superconducting film on SAT/ 
lurgy, Chinese Academy of Sciences, Shanghai 200050, China. MgO. 
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CThA2 Pig. 2. Two-dimensional trans- 
vase pnlfiles and phobgrapks ot the input 
(upper) nnd diffracting wlical vortices (ndd- 
fie) and of the phDmn*fract~vc vortex wlitun 
(lower). 

graphs taken atrove thc cq~stal arc shown in 
Fig. 1, wtrerea 21-p-widedadcsosoliton (non- 
diffracting dark notch) and a n o d y  dif- 
fracting (from 21 to 35 ~ n 0  notch are shown 
(top and bot.tom.photograflis, mprctively). 
The external field tepjml tr) kap the dnrk 
. w h  6s -400 V / q  applied pnHlel to the 
lrapping dln'ction. An intt,rirrc%zndric mca- 
surement verified the x phase jump at the 
ccntm of thc dak soliton. The as).mrnetr)- 
bdwt-een thc diection of bappitlg ,wises 
whcn the input bean1 is rotdrd w t h t  the 
extend field is pwpendicular to the l t d~ww 

dimmsion of thebcam. In this caue, thr. diuk 
notc11 cvruld nctt be trapped, evm at fields as 

un the ocperim(m:al hiih as -?@0 V/cm. An impol.tant sigmttuc 
ark solitolrv and vortex 06 the~onbxal I'R rwllto~ls b thck incicpcn- 

dencc ofthcahsolutc light hltcnsity. To verify 
thk we varied the injmt power over 2 ordm 
of rnapitudk, cnn 3 to 300 pW (intcnsilies '5! of0.3-30 W/cm ), wve t ) b s ~ w d  nn change in 
the shape or 11te s i ~  of Ulr dark soliton. 

'lb obsnrve tlte PR vortex Wlitons, it was 
nece%%ry to katmcl~ r beam with a trauvrrx 
phase of ~xp(itn9)~ We us& t ~ o  tcxhniqucs to 
gcncratc tltedcsid p L t ~ ?  depmdrn at the 
input h& of the q s t a l .  First, we uwd the 
cohcnnt doughnut mOne of the laser and. 
second, we c~1ruttr .d  the doughnut mode 
by wing a stun of two beam, one with a 
vertical notchmdtheother with a horimntal 
notch, w i k h a n a y p r ~ t e * / 2  rhtive phase 
between them. 50th methods produced 3 

' . GausgLagucm k m ' t l n t  pss& thede- 
sired phase d e p d c n c e .  Our results tuc 
shown in Rg. 2, tvkerc the horizonbl Odt 
c:olurm\) and vertical (nddfe) crm sections 
td the cylindrical bcrtm mt? shown toged~m 
with the actual photographs {right column; 
darker regions rgment qiuns of higher 
opticnl inlensi ) under various conditions. 
ne upper r d l a c  m i a c  rows show *r 
beam prafiks at :W :entrance and the exit 
h\cw of the crystal tvithno applied voltage. It 
is ,?ppm~nt that the bright regions and the 
dark w g h w .  d ~ c t . i n  the same manm. 

. . .  Whril - ..... -. o ..- n&ive vc~ltaw is 1spp1iM (lower 
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mw) the cuntral two-dirnensionnl region ( t h ~  
optical vortexf betumt~ df-trapptd, wha-as 
the bright regions increase their difbrlction 
significantly (indicative of s&-ridonlsing 
behavior). Cornprison to ~bse~at io~rs  of op 
tical-vortex solitons in Kt-n~rdin rcvenl that 
all thc sLiffcrcnm I I ~  tl\c properties of twth 
typc.c, ail0 d h 9 9 4 f  for d ~ k  wiitonu, pers~si 
for the \~>ptc% soIi+~)w. 
Dcparbnpnf of E k t r i c n l  E?@nee? qq , 

Princeton U~tiw&y, PrimW New ]nsl?/ 
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man grating which i s  reemded siaml- 
taneoutly by Wn sepRC;th! intmfclenw pat- 
terns--of P HIM pump with a signed hnck- 
ward to a second pump, and ol &he strr3nd 
p~ with a ~ignal bockwotd to tlw hst 
one. Thew was p r o w  also n moE so- 
phisti~atsd DYW ri-todef which al11xyh gen- 
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inside cryeta1 if a particular samptc 
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Epitaxial TI2Ba2CaCu2O8 superconducting thin film on Sr2(AITa)06 
buffer layer 

Y. Q. Tang, K. Y. Chen, S. Afonso, X. L. Q. Xiong, G. Salarno, and F. T. Chan 
Department of Physics/Hgh Density Electronic Centel; Universiv of Arkansas. Fayetteville, 
Arkansas 72701 

R. Guo and A. Bhalla 
Materials Research Laboratoly, Pennsylvania State Universiu University Park. Pennsylvania 16802 

(Received 19 June 1995; accepted for publication 17 August 1995) 

Epitaxial T12Ba2CaCu208 superconducting films have been successfully grown on the dielectric 
Srz(MTa)O6 (SAT) buffer layers. X-ray diffraction data showed that the films were highly c-axis 
oriented with a rocking curve full width half maximum as narrow as 0.3". The films also had an 
excellent in-plane epitaxy with T12Ba2CaCu20,[100] aligned with SAT[100] and Mg0[100] of the 
substrate. The zero resistance temperature T, of the superconducting films ranged from 95 to 105 h. 
and the transport critical current density J ,  in zero field was 3 x 1 0 ~  A/cm2 at 77 K. 0 1995 
American Institute of Physics. 

In the study of high-temperature superconducting films, 
buffer layers have been extensively used'-6 because being 
interposed between the substrate and the film of interest. 
these layers can alleviate a variety of problems such as 
chemical incompatibility, thermal or lattice mismatch? As a 
new dielectric compound. Sr2(MTa)06 (SAT) was synthe- 
sized to be one of the potential substrate materials for the 
growth of high T, superconducting Because of its 
relatively low dielectric and good thermal expan- 
sion coefficient and lattice match with YBCO,~-" SAT was 
successfully used as a buffer layer material for the growth of 
YBCO thin  film^.'^.^' Recent studies have shown that by 
depositing an epitaxial SAT buffer layer on MgO, the lattice 
mismatch problem between a MgO substrate and a YBCO 
superconducting film was reduced, leading to an improve- 
ment of superconducting properties.'0 

T12Ba,CaCu208 superconducting films, while exhibiting 
higher T, and lower surface resistance than YBCO,'~ are 
much more difficult to prepare with good qualities due to the 
high volatility and chemical reactivity of thallium and the 
high reaction temperature. Although best films with transport 
J ,  of 1.06-5.3~10~ A/cmbere obtained by carefully opti- 
mizing the thallination procedure and using suitable sub- 
strates such as L a ~ 1 0 ~ ' ~ - ' ~  or Sf1103.16 the high cost and 
high dielectric constants of such substrates can limit further 
applications of T12Ba2CaCu208 films in microelectronics. 
Some other substrates of low cost and low dielectric con- 
stants such as sapphire, silica, and MgO suffer from the 
chemical incompatibility or large lattice mismatch with 
TI,Ba2CaCu208 and consequently yield poor film quality and 
low J , .  To resolve these problems, a suitable buffer layer 
compatible both with the T12Ba2CaCu208 film and with the 
substrate shouId be used. By choosing Ce02 as buffer layers, 

Holstein et al. were able to avoid the chernic~l reaction of 
the T12Ba2CaCu208 films with the sapphire substrates and 
produced epitaxial T12Ba2CaCu208 films with T ,  of 97-98 K 
and transport J ,  of 2 . 8 ~ 1 0 ~  A/cm2 at 75 K? 

The crystallographic phase of ordered SAT has a double 
cell cubic perovskite structure with a lattice constant 
ao=7.777 A'' or a0/2=3.888 A, while ao=3  895 A.in the 
disordered cubic perovskite? These lattice constants are 
close to those of TI-based superconductors (iUo=3.8513.86 
A). In fact, SAT has better lattice match to the TlBaCaCuO 
superconductors than many other substrates such as MgO 
(ao=4.213 A), YSZ (a0/v2=3.639 A), LaA1Q3 (ao=3.792 
A), and even Sf1103 (ao=3.905 A). Moreover SPIT is sirri- 
lar to Sf1103 in structure and was tested to be chemically 
stable at high Therefo~,, :. :'c.tuId z!sc 'be :: 
good candidate to act as a buffer layer in the hbri,a70t? 1 -  

TI-based superconducting films. Ln this cornncunication, we 
report for the first time the preparation of epitaxial 

"'Permanent address: Ion Beam Laboratory. Shanghai hstitute of Metal- FIG. 1. SEM photograph of aT12Ba,CaCu20s superconducting film o? SIAT/ 
lurgy, Chinese Academy of Sciences. Shanghai 200050, China. MgO. . . 
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Hig h-resolution phase-conjugate 
imaging in double-pumped phase conjugators 

Jan M. Yarrison-Rice, Edward J. Sharp, Gary L. Wood, Gregory J. Salamo, Robert Klank, 
and Ratnakar R. Neurgaonkar 

Phaseconjugate images with a resolution greater than 250 lines/mrn are obtained through ti,e use of a 
bridge, double-pumped phase conjugator. We demonstrate that this conjugator can carry out image- 
processing tasks, such as  the addition and subtraction of complex spatial distributions, with a spatial 
resolution of >I00 lines/mm. These resulta represent a significant improvement wer previously 
reported resolutions obtained from photorefractive mutually pumped phase conjugators and approach. 
the theoretical limit imposed by the grating spacing and cross talk. 

Key words: Phaseaqjugate imaging, double-phase wqjugation, photorefraction, high spatial resolu- 
tion. o 1995 Optical Society ofAmerica 

1. Introduction 
Photorefractive ferroelectric crystals have been the 
subject of numerous recent investigations owing to 
the particular ability of these materials to display 
high optical nonlinearities with only milliwatt-level 
input powers. In particular, a significant volume of 
research in recent years has centered on the develop- 
ment of techniques for optical communications, neu- 
ral networks, real-time holography, optical correla- 
tion, and image pr0cessing.l For many of these 
applications the essential feature is the ability to 
generate a phase-conjugate replica of an input beam. 
A number of effective methods have been developed to 
produce phase-conjugate waves through the use of 
photorefractive crystals. These methods include four- 
wave mixing, self-pumped phase conjugation, and 
mutually pumped phase conjugation. Mutually 
pumped phase conjugators (MPPC's) are based on the 
simultaneous introduction of two mutually incoher- 
ent laser beams into a photorefractive crystal, result- 

J. M. Yarrison-Rice is with the Department of Physics, Miami 
University, Oxford, Ohio 45056; E. J. Sharp and G. L. Wood are with 
the U.S. Army Research Laboratory, Ft. Belvoir, Virginia 22060; G. 
J. Salamo is with the Department of Physica, University of Arkan- 
sas, Fayettville, Arkansas 72701; R. Klank is with the Department 
of Physics. University of Connecticut, Stoma, Connecticut 06286; 
and R. R. Neurgaonkar is with the Roehell International S e ~ c e  
Center, Thousand Oaks, California 91360. 

Received 29 November 1994; revised manuscript received 20 July 
1995. 

0003-6935/95/327597-07$06.00/0. 
e 1995 Optical Society ofAmerica. 

ing in the formation of two phase-conjugate wave 
fronts (double-phase conjugati~n).~.~ These devices 
are unique to photorefraction and have been demon- 
strated in a variety of geometries.4 

MPPC's are formed when two mutually incoherent 
laser beams are coupled in one or more shared- 
volume holograms within the crystal. the 
beams are initially introduced into the crystal they 
simply undergo refraction as they pass through the . 
crystal. As a result of the photorefractive effect, 
however, each refracted beam interferes with its own 
weakly scattered light and writes a set of beam- 
fanning gratings. The two beam fans bend toward -. < 

one another, resembling a bridge, and shara a com- 
mon set of fan  grating^.^ This process is self- 
aligning and provides automatic Bragg niatchmg. . 
between the two mutually incoherent beams. In the 
steady state this device exhibits stabl.: : . :;1172 te 
output signals aRer some characteristic builduv time. 
The buildup time and the phase-conjugate reflectivi- 
ties depend on the particular crystal being used and 
also on several other factors associated with the 
geometry and pumping conditions, such as beam 
intensities, angles of incidence, the relative coherence 
of the pumping beams, and the spot size of the 
pumping beams. To date, the spatial resolution of. 
images conjugated in MPPC's has been disappointing: 
In most cases the reported spatial resolutioli is only . '  

-6 to 10 lines/~nrn.~~@ 
Only recently has attention been given to the 

fidelity and the resolution of phase-conjugate images' ' ' 

obtained with MPPC'S.~-~~ Segev et aL9 indicate 
that high phase-conjugation fidelity can be c>btained . 

10 November 1995 / Vol. 34, No. 32 / APPLIED OPTICS 759? 



6 a c w G r .  M . and uoL. R.: 'Wav~lmglh-selrulivc oplical polrrirallon 
analyscr with TcLiNbO, acousl~cally tunable ~ntegratcd TE.TM 
convener'. Elenron. Lerr 1W. 30. (141, pp 113Wl 131 
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4-20 g 
Observation of two-dimensional steady- 

i state photorefractive screening solitons 

M -F S h ~ h  M Segev, G C Valley, G Salamo, 
B Crostgnant a n d  P D t  P o r t o  

The iunct ionr jg jg ,  and g , g ~ c ,  werc measured In a speclrum 
analysrr at detection frequencies lo, + 401: and 40, + 4 4 .  r e s p -  
tivel>. while o, and o, acre tuned propurtion.+lly (Fig. 2). The 
ccnlre frequencies were o, = 2n x 174.615MH2, and o, = Zn x 
174.98SMHz. The 3dB bandwidth was 0 .22Mb.  cquivaleot lo a 
2nm optical bandwidth. Sidelobes were supprerscd by >28dB. 
u,hich wemr to confirm the theoretical value of 28dB. Huwever, 
electrical plwsrs werc chosen rclativcly low ( P , ,  = I3.2dBm. P,.  
= I6dBm). and due to thc reduccd mode conversion, a h~gher 
sidelvbc suppressroo of roughly 3SdB would have been expected. 
We belleve the main source o f  limited experimental sidelobe atten- 
uarlon was wdvenuide birefrinnenoe manunilormitv whlch can be 
mmtmlsed tf a longlud~nall). vanable chlp temperature prome 1, 

d u u l ~ ~ d  The ounw lloor level at -31 dB opl~cal was determmed b~ 
a low detected optieal power 01' -7dBm. ~nwmplete mode wnver- 
siun. n noisy eleclrical ampllficr (not shown in  Fig. I)  and resolu- 
tion bandwtdths 01 IOOHz Vgjg . )  and IOHz (B,g,gg.). 

Also, 181 a two-stage polarimeter rctup with unused stages 3 and 
4, sidelobe suppressions of > I2  and >I6dB f o r j ~ ,  and g,g, were 
measured a1 the detecrlon frequencies 3u, and 40,. respectively. I n  
uur slnplc-,(age polar~meter [6] e r ~ r l m e n t a l  ridelobe attenuations 
o f  5 6 .  5 4, and 12.3dB were obtained for/, y, and g,, respcctlvely. 
These resulu dcmunstrate the valmdity o l  the mult~rtagc concept. 

Conclu.rion. A multi~tagc. mrtead or a single-rbagr. spectral pola- 
rtmcler based on acousto-oplical TE-TM converters has increased 
alopbnnd attenuation. A rlopband attenuallon o f  ,2848 has h e n  
achieved in  a four-ytagc spectral polarimcter expsrrmnent. The pig- 
vailcd chip has a Z 4dB fibrc-to-fibre loss and a S7dB return loss 

Acknou.kdgmcnls. We are grateful to C. Harm!. R.  Ricken. S. 
Wrslmhdfer, and W Sohler for derioc fabrication and plgtailtng 
kouw-hou. and to G. Mrozynski for the loan 01-the UFB laser. 
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The first ubrervruon o l  two-d~mensionrl ilndy-rlrlc 
pl>otorefracuve wlntonr i s  repaned Applratton of an electric 
field of 5 8kVlcrn lo slronliun> barium niabalc yields ,ol!lonr with 
diamercrs as mall as 9 b p  at mlcrovatl power levels 

R m n t  work on spatial solitor~s In photorebactive mcd~a has 
shown theoretically, and dmonstratcd experhcntally thal the 
applicalion of a suilable external lield l o  these matcrialr enables 
long-lived. but transient. sol~lons 11 - 91. A related study has 
shown thal photovoltaic matPnals (such as LiNbO,) support 
bright and dark slcady-sute planar solitons [IO. I I]. In a recent 
paper [12], wc have shown theoretically thal the applicat~rrn o f  an 
extcrnal electnc field also enables steady-state solitons In photo- 
refractlvc materials. These sol~tons result from optical cxcitatlon 
o f  carriers, thcir migration tn the prerenec of the extcrnal ficld and 
finally their trapping that results In nonuniform screening of thc 
electric lield. Thus, rhe magnntude o f  rhe elccrric lield is lowered I" 
regions of higher optical intc~,sity, and this modilies the rcfractivc 
~nder via the Pockel eflcct and traps the beam (or the dark notch 
in the beam, depending on the sign of the indcx perturbation). Thc 
resulung refractive index perturbation 8s proponional to the 
Inverse o f  the sum of the light intcns~ty and the dark ~rradiance. 
We namcd thcse sleady-sratc solitons 'rreening rolltons' and 
pointed out that they differ from those studied prev~ously in their 
physical origtn, proprrtlcs and dependence on the llghr lnlenaity 
[I21 W,e also note that a rccent observation 01 steady-slate one- 
dimensional self-focusing effects in RTO [I31 may evenlually lead 
to obscrvlng rcrcenlng solirons in thal crystal. 

We report the lirst observat~on o f  steady-state screening 
solitons. We obscrve solitons in itronrium barium niobalc 
(SBN:60) lhal are u narrow as 9 . 6 ~  (Tull wadth hul l  maximum 
(FWHM)) in hoth the horizontal and the vertical d~rectjons. 

I n  one transverse dimenston. our calculations (121 show tllat the 
narrowest rcmening sol~tons should be obtained for peak mtcnst- 
lio roughly lhrrc times larger than thc dark irradiance Howcvar. 
since the dark irradcance 1s very small in all dielcctnc photorefrac- 
tlve mcdia (of the order o f  pWiem2), th~s Ilmits the applicable 
observation range to Lhree alternative,. The f i rs  IS operation a! 
ullralow powers. This 1s not physically Lasible smce the sul>tvn 
formation tlme is of the order of tlu: dielectric relaxanon time. 
which in  turn is inversely proportional to the sollton ~ntensity. The 
soliton fomauon time would be of the order of hours or more. 
and small vibrations would sl~minate any oburvalion. Thc second 
alvrnative corresponds to operaling a! very barge vvllags and 
keeping the soliton intensrly within a reasonable range. I n  this 
case, however, an -IuW soliton is a1 least lobumes mure inlensc 
than the dark ~rradiancr. which implies a requtrcd trapping volt- 
age of more than IobV, l o  be applied across Smm electrodes; also 
physically infeasible. The t l r d  choice 1s to generalc 'aniljclal' 
dark irradlance, ustng uniforn~ background ~lluminalion, and con- 
trolling 11s magn~tude relative to the soliton peak iotensity We 
have used th~s alternative and gcncrated the backgruund i r r ~ d l -  
ance with a laser beam polartsed orthogonal l o  the soliton beam. 
so that they could be easily szparald. 

Thc experimental setup rs similar to that in [3 - 6) We generato 
thc x rnn ing solitons In S.Smm long sirontlum bariurn niobatc 
(SBN:60) by launchang an crtraordinarily polarired TE.U, heam 
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We observe dynamic ferroelectric domain gratings in strontium barium niobate (SBN) induced by 
photorefractive space charge fields. The optically induced modulation of the spontaneous 
polarization attains a maximum of 1%. Quasi-phase matched second harmonic enhancements are 
observed above the ferroelectric-paraelectric phase transition due to the glassy ferroelectric nature 
of SBN. We find that the second harmonic power is significantly enhanced by recording gratings in 
optically fatigued rather than electrically poled crystals. O 1995 American Institute of Physics. 

We have recently demonstrated that ferroelectric do- 
mains align with the local photorefractive space charge fields 
in SrrBal -,Nb,O,(SBN:x). The resulting dynamic do- 
main gratings respond nearly instantaneously to changes in 
the photogenerated space charge field and modulate the 
ferroelectric polarization. We used these gratings to perform 
tunable quasi-phase matched second harmonic generation 
(QPM-SHG) with spectral widths of the QPM enhancement 
as narrow as 0.175 nm, across the fundamental tuning range 
of 880-990 nm. In this letter we apply :his technique to 
SBN:61 and explore the temperature dependence of the phe- 
nomenon. We demonstrate that space charge field induced 
QPM-SHG can be achieved even in the paraelectric phase. In 
addition, we observe that an optically fatigued crystal dis- 
plays significantly stronger QPM-SHG than an electrically 
poled crystal. We also find that, a strong broad-band second 
harmonic enhancement occurs automatically in optically de- 
poled crystals.3s4 In fact, this broad-band enhancement can 
attain values several orders of magnitude larger than the 
QPM enhancement. We propose an explanation of this latter 
result based on charge compensation and fringe stability re- 
quirements. 

The experimental setup for writing dynamic domain 
gratings and simultaneously generating the second harmonic 
is identical to that reported in Ref. 2. A tunable, mode-locked 
Ti-sapphire laser is frequency doubled within the 45" cut, 
Ce-doped SBN:61 crystal (4 .5X4.5~5.5  mm). This crystal 
exhibits a ferroelectric-paraelectric phase transition at 75 "C. 
The fundamental infrared beam is focused to a 60 p m  beam 
diameter, producing a peak fundamental intensity of 17 
MW cm-2 at the beam waist. A 2-6.6 W argon-ion laser at 

a'Electronic mail: kewitsch@cco.caltech.edu 

514.5 nm records a domain grating throughout the elitire 
crystal volume. To maintain the poled st::: ,' -'caa:cd %n?- 

peratures, a poling field of 8000 V cm-' is applied r~c! :~c.I,.I 

optical exposures (Fig. 1). 
The angular spectrum of the second harmonic wave re- 

veals the spatial modulation of the spontaneous polarization 
and nonlinear optical Upon recoiding a do- 
main grating in an initially poled crystal, we observe a col- 
limated QPM second harmonic beam [Fig. l(a)], in addition 
to a non-phase matched streak. This streak exits th; crystal.at 
an angular displacement of approximately 10' below the 
QPM spot. The origin of this angular walk-off between (he 
two distinct second harmonic beams is the 45" inclination of 
the c axis relative to horizontal [ ~ i ~ .  I(b)]. The bro:id extent 
of the streak along the x direction and the narroi, extent in 
the y direction indicates that domains are extrem~ly narrow 
in diameter, while being elongated along the c axis. Typjcal . 

dimensions of microdomains are tens of nanometers in diam- 
eter and hundreds of nanometers in length. Figi~i c I (b) de-; 
picts the resulting range of grating vectors generated by the' . 
randomly distributed microdomains, represc; .I:,.. ., i rr:~lt i-  

' 

plicity of grating vectors with different magnitubc: di~ecitrl:, . : 
nearly normal to the c axis and all sharing a comlnon origin. 
The momentum conservation relation for the interaction !,$ 
2ko+k,=k2*, where ko is the fundamental wave vector 
and k2* is the second harmonic wave vector. The second 
harmonic far field profile will be directed to 3 spot (upon 
interacting with grating periodicity kg) and a streak (upon 
interacting with the ensemble of grating period~cit!es 
krand,,,,). For a random distribution of microdonlains of gi- 
ameter 10 nm, the distribution of krandom is also random up tr, 
grating vectors as large as 6 X lo8  rn-'. 

The total second harmonic power in the streak can attain' 
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SINGLE-BEAM ADAPTIVE HOLOGRAPHIC INTERFEROMETRY-AHI 
AND SMALL SIZE DEVICES FOR INDUSTRIAL lNSPECTION 

Optic Laboratory, 105 Physic Bld,University of Arkansas, Fayetteville, m 7 2 7 0  1 ,USA 

ABSTRACT 

We propose a new technique of AHI which combines the high speed operation 
advantages of dynamic holographic interferometry and a real-time, high resolution, high 
stability, Denisyuk's holograms [I]. Based on a new high sensitive phototerfractive 
reversible crystals group 23 doped (P and Cu) a small power CW laser was used for 
continuously hologram read and read-out processing. Portable wariant of a small size 
AHI sensor and practical demonstration of this technique are described. 

For many years Holographic Interferometry -HI was used in many different fields 
(flow visualization, plasmas diagnostics, non-destructive testing of materials and 
structures, vibration analysis, medical applications, to visualize physical phenomena and 
to give qualitative and quantitative explanations [2]. 

In most cases, experimentally were achieved in laboratory environment 
Unfortunately no commercially available holographic systems compact and reliable with 
fast image processing were created [2]. 

An objective of this work is creating more commercial holographic system compact 
and reliable with a fast image processing. 

The new branch of AHI based on using of the reversible holographic materials was 
created in a last decade [3]. Unfortunately a large time consuming, a high power laser 
radiation, and weak reversibility of these materials have been restricting a usage for 
commercial applications. In [ l]  was demonstrated AHI for testing a fast moving 
biological object under water (living fish) using a small power (4 rnW) He-Ne laser. 
The BTO crystal in this experiment generated 10 holograms per second in continuous 
hologram registration regime. 

We propose a new type of BTO crystals doped P and Cu as a media for continuous 
hologram registration which used a high resolution reflected Denisyuk's holograms. 
These crystals combine a high speed hologram formation (0.Olsec.) and a good 
hologram conservation (some days) with a high reversibility (more than lo6 cycles) and 
high resolution (3000 lines/mrn). 

SPIE Vol. 2349 / 109 
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ABSTRACT 

A new single-beam technique for a condnuous reconstruction of volume holograms in 
photorefractive crystals of symmetry 23 is presented. The doped crystal BilzTiOzo (Fe, P) 
possessing diffractian efficiency above 70 % is used for real-time hulog-aphic 
interferometry. The major advantage of this technique is an ~utomatic self-adjustment of 
diffraction in volurne hoIogmms, continu~us reconstruction of volume hologms, high 
diffraction effciency without application of external electric fidd, high resolution (more 
than 3000 linedmm), high vibraproteaion stability, low cost using of He-Ne or diode 
lasers, portability (single-beam device). A 1 nun crack was detected at a deptlt 1.5 mm in 
airplane wings near a rivet zone using portable adaptive holographic interferometer - AHI. 

Keywords: adaptive holographic interferometer, photorefiactivc crystals, portability, 
detecting cracks, aircraft wings. 

1. INTRODUCTION 

Inspecting and maintaining a fleet of aircrafi that may include planes 20 year or older is a 
crucial responsibility for every airline. Electrical eddy current inspection is standard 
inspection technique for detecting cracks around aircraft fuselage rivets, which secure the 
lap joints in an airplane's ederior aluminum s u k e ,  ar skin. These lap joints are 
vulnerable to corrosion and &time, and cracks near the rivets may indicate tho beginning 
of structural failure. Unfortunately only 53 percent of inspectors achieved detection rates 
exceeding 95 percent for cra~ks at one-tenth of an inch because collected data depend on 
cantact measurements, time on task, surface conditions (painted or unpainted), inspector 
tedium, and boredarn '. 
For many years Holographic Interferometry was used in many diRerent fields (flow 
visualization, plasma diagnostics, non-destructive testing of materials and structures, 
vibration analysis, medical applications, to visualize physical phenomena and to give 
qualitative and quantitative explanations, In most cases, results were achieved in a 
laboratory environment. Unfomlnately no camn~ercialfy available holographic systems 
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Abs t r ac t  --The traditional method of determining the 

photorefractive effective charge densi~y is to plot the 
photorefractive space charge field versus the crossing angle 
in a two-beam coupling experiment. The difficulty with this 
rradirional measurement technique is that the apparatus must 
be moved several times in order to obtain data over the 
sufficient number of crossing angles needed for an accurate 
fit with theory. Moreover, with small crossing angles the 
overlap be~ween the two crossing beams can easily extend 

over the entire crystal, while with larger crossing angles the 
overlap hetween the two beams becomes less certain. 

In this paper we demonstrate an alternative method of 
determining the photorefractive charge density. In this 
approach we measure the phase shiift between the optical 
intensity patlern in the crystal and the resulting index 
pattern, as a function of the magnitude of an applied d.c. 
field. By comparing the measured value of the d.c. field 
which produces a minimum phase shift with that predicted 
by theory the photorefractive effective charge density is 
found. In this case, only the magnitude of the applied field is 
varied and the apparatus remains fixed. The result is 
obtained quickly and with little error. 

INTRODUCTION 

In this paper we discuss a technique to measure the 

trap density in photorefractive crystals. The technique is 
based on the use of interfering two laser beams in a crystal in 
the presence of an applied electric field. In the crystal the 
IWO light waves can be expressed as 

ET (x,z) = Em exp [i(k,x + kzz)] (1) 
ED (x.z) = Em exp [i(-k,x + k,z)l (2) 

where k, and k, are components of the wavevector. The 
two light beams cross at an angle 20 in the crystal with each 

beam making an angle 0 with the normal to the incident 

surface. If  I$ is the phase shift between the grating and the 

Interference pattern. the intensities of the output beams from 

the crystal can be written [Ref. I I as 

IT(d) = I T C O S ~ ( K ~ )  + IDsin2(~d) - jlT1~)1nsin(2~d)sincp (3) 
 ID(^) = l s o s 2 ( ~ d )  + ITsin2(Kd) + (ITI~)lnsin(2~d)sincp ( 4 )  

where IT and l o  are the incident intensities and l ~ ( d )  and 

ID(d) are their intensities after passing through a crystal of 
thickness d with a coupling coefficient K. In  expressions ( 3 )  
and (4),  the first term corresponds to the transmitred 

component, the second term is the diffracted component, and 
the third term is the energy-exchange component between 
the two beams. From expressions (3) and (4) we can write 
the diffraction efficiency q as 

q = s in*(~d)  (5)  

If the intensity of both beams is adjusted to be equal at the 
entrance of the crystal we can write the energy exchange 
efficiency in terms of the diffraction efficiency as 

E = 2\q( I - q)]l12sin~ (6) 

Therefore, expression (6) yields an expression for the phase 
shift between the intensity pattern and the index grating and 
is given by 

sincp = E / ( ~ { ~ ( ~ - T ] ) ] ' ~ ~  ( 7 )  

sinq = 1d[2[ld(lo - Id)]lR) (8) 

where It, Id and lo are the magnitude of the energy exchange. 
the diffraction signal and the intensity of the transmitted 
beam. From these expressions we can see that by measuring 
Id. IE. and lo, @can be determined [Ref 2.3.41. 

EXPERIMENTAL TECHNIQUE 

The apparatus which we used to measure ($I as a function of 

applied d.c. electric field consisted of a HeNe laser oscillating 
at 6328A with an output power of 5mw. We used ordinary 

polarized beams in order to minimize beam fanning and the 

corresponding intensity fluctuations which appear in energy 
exchange signals. After the polarizer, the laser beam was 

split into two beams ID  and IT  which intersected inside a thin 
sample of S B N  60 with 0.015% Cesiuni as 3 dopant (slatic 
dielectric constant E' = 950) such tha~ the gra~ing vector is 

parallel to the c-axis. The beam splitter is 50% 150% to make 
the bean] ID  have {he same intensity as IT .  The angle 28 
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A multiline laeer beam incident upon a BaSrKNaNbsOla cryetal causes ringe to form in the beam fan by 
means of cooperative photorefrective fanning between the different wavelengths. We examine the novel case 
in which the input beam consists of two lines from an argon-ion laser with independently controlled linear 
polarizations as well BB the single-line case with equal amounta of ordinary and extraordinary light. We 
compute the expected rings in each case, taking full account of the crystal birefringence, and compare them 
with the experimental data. Applications of the rings to crystallography and cryptology are presented. 

INTRODUCTION 
Several studies have shown that beam fanning1 can cause 
cones of light to emerge from a photorefractive crystal, 
displaying rings when the cones are projected onto a 
viewing ~ c r e e n . ~ - ~  A single extraordinary polarized in- 
put beam has been shown to result in an ordinary ringa in 
barium titanate, whereas other studies have used crossed- 
beam arrangernents9b4 in which the crossing beams have 
had different polarizations5 or wavelengths! Earlier 
reports7n8 showed that linearly polarized input consisting 
of several lines from an argon-ion laser produces a mulfi- 
colored ring or a rainbow pattern with the same polariza- 
tion as the input light. For the study reported here the 
photorefractive rings in the beam fan of a cerium-doped 
BaSrKNaNbsOlb (BSKNN) crystalg are examined when 
the input beam is composed of two lines that have or- 
thogonal or parallel polarizations. We also examine the 
case in which the input beam consists of a single linearly 
polarized laser line with the polarization rotated so that 
there are equal amounts of ordinary and extraordinary 
polarization incident upon the crystal. In each of these 
cases the input beam can be imagined to be composed of 
light in two different states, with each state of the light 
being determined by its wavelengths and polarization. 
The resulting rings are shown to depend on cooperative 
scattering by phase-matched gratings from each state. 
A geometrical argument for predicting the rings is devel- 
oped and is the basis for a computer program that plots 
the appearance of the rings. Finally, the predictions are 
compared with the experiment. 

THEORY 
The beam fan for a single beam entering a ,I -lcr,or " I.,- 

tive crystal is formed by the energy exchange between 
the incident beam and the Light scattered by imperfec- 
tions and impurities in the crystal.' Corresponding to 
each fan wave vector there is written in the crystal a pho- 
torefractive grating that satisfies the vector relation 

where kg, kf, and ki represent wave vectors for the grat- 
ing, the fanned light, and the incident light, respkctively. 
As shown in Fig. 1, the fan wave vectors and the inci- 
dent wave vector must terminate on the k-space index 
surface. Although the set of extraordinary grating vec- 
tors is not the same as the set of ordinary gratini vectors 
because the ordinary and the extraordinary surfaces have 
different shapes (see Fig. I), there can be a subset of grat- 
ings that is common to each, which we oetermine with a 
process first presented in Ref. 2 to explain the appearance 
of an anisotropically scattered or&n..:j :q.d tb?t ilpuears 
when extraordinary light is incident upo-~ a b a i . : ~  . ~ i -  
tanate crystal. 

Initially, for simplicity, consider the case of a linearly 
polarized input beam fiom a single laser line th@,i~. inci- 
dent upon the a face of the crystal. If the beam ;fs &lar- 
ized so that components of ordinary and extraordinary 
light are then a beam f& will be formed f& . 

each component. If there are members of the ensbble 
of extraordinary gratings that scatter ordinary lightithen 

01994 Optical Society of America . .; . . :t .- 
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We present a theoretical analysis of the stability of photoreeactive spatial solitons along with experimental results 
that show that the solitons are stable for small-scale perturbations but break down when the perturbations exhibit 
a transverse scale comparable with the soliton size-(cross section). 

Self-trapping of optical beams in photorefractive (PR) 
media occurs when diffraction is exactly balanced by 
self-scattering of the spatial components of the soli- 
ton beam.'e2 Our recent observation of the first PR 
spatial  soliton^^.^ revealed, among a variety of other 
properties (such as independence of the absolute light 
intensity and self-trapping in both transverse dimen- 
sions), that the PR soliton is stable and may be ob- 
served despite index inhomogeneities that are always 
present in PR materials. Furthermore, we observed 
that the PR soliton is capable of evolving from an ar- 
bitrary input waveform (Fig. 4 of Ref. 3). 

In this Letter we provide a theoretical stability 
analysis and show experimental results that illus- 
trate that the soliton is indeed stable under small- 
scale perturbations but breaks down when the index 
perturbations are of a transverse scale comparable 
with the soliton size. The evolution property of the 
PR solitons may be viewed as another manifestation 
of their stability, but, since the evolution stage en- 
compasses other properties (such as modulation in- 
stability), we here study stability alone. 

We recall the basics of our mode11e2 and point out 
that our analysis is restricted to two (transverse x 
and longitudinal z) dimensions and cannot explain 
trapping in two transverse dimensions. Elsewhere5 
we showed experimentally that the self-trapping ef- 
fects in the direction parallel to the external electric 
field (x direction) exist regardless of the size of the 
beam in the other transverse dimension ( y ) .  Self- 
trapping in the y direction (perpendicular to the 
field), however, is generated by tilted gratings and 
fully depends on the finite extent of the beam in x. 
In this spirit, we demonstrated in Ref. 5 that sheet 
solitons (of a single transverse dimension) exist for 
trapping along x but not along y and concluded that 
trapping in x is independent of trapping in y but 
not vice versa. A full theoretical model for trapping 
in both transverse dimensions is under investiga- 
tion. We therefore restrict our stability anaIysis to 
perturbations in this single transverse direction. 
Fortunately, in most ferroelectric PR crystals in- 
homogeneities consist primarily of index variations 
parallel to the crystalline c axis, which is also the 

growth direction and our transverse axis x. $his 
permits experimental study of the soliton stability to 
perturbations in one transverse dimension. 

We start by recalling the paraxial nonlinear wave 
equation 

where A is the slowly varying complex an~plitude of 
the beam, k = onl/c is the wave number, and nl is 
the unperturbed index of reeaction of the medium. 
The nonlinear term Sn(x, z) is obtained by consid- 
eration of the mixing process between each pair of 
plane-wave components: 

where 

is the two-dimensbnal Fourier transform of' che cur- 
pling coefficient Sn(ql, q2) (which, if multiplied by 
-2n-i/A, is identical to y ,  the commonly used ex- 
pression for the PR coupling coefficient) and q, and 
qz are the projections of the wave vectors of the 
plane-wave components in the transversa (x) direc- 
tion (0 5 lqj 5 k). The requirement for a spatial 
soliton, 

A(x, z )  = U(x)exp(iyz), (4) 

leads to 

where a = (1/2k) + (k/n,)lzo and b = (k/nl)lll, with 
Ill and 120 being the real parts of the coeffici9nts of the 

h 

Taylor expansion of Sn(ql, qa), as explained in Ref. 2. 
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We demonstrate that illuminating a photoconducting strontium barium niobate crystal with a low 
intensity optical standing wave generates space charge fields which induce ferroelectric domain gratings. 
We study the formation and decay kinetics of these domain gratings using a short exposure technique 
and present a thermodynamic model of the fixing mechanism. 

PACS numbers: 77.84.D~ 

Ferroelectric domain gratings in strontium barium nio- 
bate (SBN) are typically generated by applying exter- 
nal depoling electric fields [1.2] under illumination, in 
geometries where photoinduced space charge fields do 
not inven domains. However. light interference patterns 
photoexcite mobile charge and generate spatially modu- 
lated space charge fields with periods of typically 0.1 to 
100 pm in photorefractive crystals. A fundamental ques- 
tion is whether these periodic space charge fields alone 
can spatially modulate the ferroelectric polarization in 
materials which possess a coercive field of the order of 
the space charge field, an effect not previously reported 
in the literature. In this Letter we present experimen- 
tal evidence demonstrating that this is indeed the case in 
Sr,,75Bao.uNb206 (SBN:75). Light induced space charge 
fields dynamically modify the positions of ions within the 
unit cell. We report on observations of dynamic domain 
gratings which adiabatically follow the space charge field 
in time, in addition to permanent domain gratings. which 
persist long after the space charge fields are depleted. We 
propose a thermodynamic model of the fixing mechanism 
based on the glassy ferroelcctric properties of SBN. This 
technique holds great promise in a broad range of applica- 
tions in optics and acoustics, and we demonstrate its ap- 
plication to second harmonic generation and holographic 
storage. 

We use two techniques to study the optically in- 
duced modulation of the femlcctric polarization: the 
second harmonic enhancement produced by a quasi-phase 
matched domain grating [3] and optical diffraction from 
the domain hologram. Using the first technique, we mea- 
sure the temporal evolution in second harmonic power 
generated within the crystal while recording and eras- 
ing the domain grating. The experimental setup is il- 
lustrated in Fig. l. We record a domain grating with a 
period equal to twice the coherence length, defined as 
1, = ,l/4(n2" - nw), appropriate for quasi-phase match- 
ing between a colinear fundamental and second harmonic 
beam. A is the wavelength (in vacuum) of the fundamen- 

tal beam, n" the index of refracoon at the fundamental 
wavelength and nZ" the index at the second harmonic 
The technique to compensate for the phase mismatch be- 
tween the fundamental and second harmonic beams by 
using periodically poled crystals is an example ot quasi- 
phase matching (QPM). By monitoring the peak second 
harmonic power at the center wavelength of the QPM 
peak, we determine the evolution of the polar..? , Frat 
ing in time. The fundamental beam is generated by tun- 
able, mode-locked Ti-sapphire laser and propagates at 45" 
to the c axis. An argon-ion laser (488 or 515 nrn) writes 
a domain grating oriented at 45" to the c axis. 

Figure 2 illustrates the buildup and decay of 41e sec- 
ond harmonic power, which is proportional to the square 
of the Fourier component of the polarization modula- 
tion at the period 2 1,. The time to enhance the second 
harmonic by wnting a phase matched polarizat~on grat- 
ing is typical of the buildup time of the electro-optic 
or photorefractive grating under the influence of a spa- 
tially periodic space charge field (-1 sec at 1 W crn-2). 
Since the nonlinear optical polarizability responsible for 
second harmonic generation and the linear elecb o-optic 
effect arises primarily from the distortion of the covalent 

Phorodctcctor 633 Band-Pass Filtu & & .  

FIG. I. The experimental setup for recording a polarization 
grating and monitoring its stre* by Bragg diffraction and 
quasi-phase matched second hannonic generation. 
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Tunable quasi-phase matching using dynamic ferroelectric domain gratings 
induced by photorefractive space-charge fields 
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We demonstrate a method of dynamic, tunable quasi-phase matched second-harmonic generation 
using optically induced polarization gratings with periods equal to twice the coherence length. These 
gratings increase the peak second-harmonic conversion efficiency by a factor of 17 above a oled 
strontium barium niobate crystal, to 0.01% for fundamental beam intensities of 0.8 MW cm-'. We 
generate quasi-phase matching spectral response peaks as narrow as 0.175 nm and tailor the 
response by writing an ensemble of gratings in the same volume, each of which enhances the 
second-harmonic generation at a predetermined wavelength. 

Quasi-phase matching (QPM)'.' is a technique to peri- 
odically compensate for the phase mismatch between the 
fundamental and second-harmonic beams. This technique re- 
laxes the stringent phase matching requirements based on 
birefringence3 or modal dispersion in waveguides.4 QPM can 
be achieved by periodically poling a ferroelectric crystal so 
that the relevant nonlinear coefficients for second-harmonic 
generation (SHG) are spatially modulated with a period 
equal to twice the coherence length. For colinear beams, the 
coherence length is I,= A14 (n2"-n"), where A is the wave- 
length in vacuum of the fundamental beam, n" is the index 
of refraction at the Fundamental wavelength, and n2@ is the 
index at the second harmonic. In the absence of periodic 
domain inversion, the coherence length is the maximum ef- 
fective crystal length that is useful in generating the second- 
harmonic power. Coherence lengths exceeding a few mm are 
needed in practice for efficient conversion. In ferroelectric 
crystals such as L N O 3  and S T ~ . ~ ~ B ~ ~ . ~ ~ N ' ~ ~ ~ ~  (SBN:75), the 
coherence length is on the order of a few microns for SHG in 
the visible; consequently, the non-phase matched conversion 
is negligibly small despite the relatively large nonlinear co- 
efficients. For these and many other highly nonlinear mate- 
rials, QPM is a means of increasing the effective interaction 
length. 

QPM by periodic poling has been demonstrated during 
growth? by indiffu~ion,~~ by applying external electric 

electron beams,'' or SiOz masks." %pically, only a 
very narrow frequency band is converted efficiently and it is 
difficult or impossible to tune the center frequency dynami- 
cally, except over a small range using temperature or angle 
tuning. Fabrication constraints often restrict the region of 
polarization modulation to a thin layer on the surface or to 
thia waveguides rather than throughout the entire crystal vol- 
ume. These periodic domain gratings are typically static and 
permanent. 

In this letter we demonstrate tunable QPM using dy- 
namic domain gratings that respond nearly instantaneously to 

changes in the photogenerated space-charge field. This tech- 
nique uses photoinduced space-charge fields alone to modu- 
late the ferroelectric polarization of the ~rystalline unit 
cell1214 rather than photoinduced screening of external elec- 
tric fields? We exploit the dynamic nlr.; . rs +hme lomain 
gratings to perform tunable QPM with sprctvdl w;d'h,, ,:, 
narrow as 0.175 nm across the Fundamental tuning rhgge of 
880-990 nm. This technique is of great fundamental &erest 
because light interference patterns dynamically mag$ the 
position of ions with the crystalline unit cell and tail& the 
optical, electronic, and acoustic properties of the crystal. 

Figure 1 illustrates the experimental setup for writing 
dynamic domain gratings and simultaneously generating the 
second harmonic. A tunable, mode-locked T-=apphire laser 
with 2 ps transform-limited pulses and 250 AT peak power is 
frequency doubled within the SBN:75 crysial. The funda- 
mental beam is loosely focused with a 20 cm lens to a 100 
pm beam diameter at the center of the SBN crysti$., produc- 

. . 

FIG. 1. Experimental setup for writing polarization gratings and'geoetating 
the second harmonic. 

I 
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I Dimensionality and size of photorefractive spatial solitons 
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We study experimentally self-trapping of optical beams in photorefractive media and show that the trapping is 
inherently asymmetric with respect to the two (transverse) trapping dimensions. We also present experimental 
results that show how the sizes of the resultant photorefractive spatial solitons are independent (within their 
range of existence) of the amplitude of the externally applied electric field used to generate them. 

Self-trapping of optical beams in photorefractive (PR) 
media occurs when diffraction is exactly balanced 
by self-scattering (two-wave mixing) of the spatial 
(plane-wave) components the soliton beam.'na Intu- 
itively, since diffraction involves accumulation, by 
each plane-wave component of a beam, of a phase 
that is linear in the propagation distance, it is de- 
sirable to balance the diffraction by nonlinear phase 
coupling that leaves the complex amplitudes of the 
plane-wave components unchanged. PR materi- 
als, however, typically exhibit amplitude coupling 
(energy-exchange interaction) that is due to a domi- 
nant diffusion transport mechanism for the redistri- 
bution of the photogenerated charge carriers, which, 
inherently, cannot compensate for diffraction since it 
alters the amplitudes of the plane-wave components 
rather than balancing their phases. The presence 
of an external bias field, however, can cause strong 
phase coupling and is therefore required for the for- 
mation of PR solitons. We have predicted that PR 
solitons exist for a well-defined range of external 
fields, and, within this range, the soliton size (cross 
section) is independent of this external field. This 
property is a consequence of the optical nonlinear 
property of the medium: the perturbation in the 
refractive index is proportional to the light-induced 
space-charge fields, which depend primarily on the 
beam profile. 

Our recent observation of what is to  our knowl- 
edge the first PR spatial  soliton^^,^ revealed, among 
a variety of features (such as independence of the 
absolute light intensity), that, unlike the Kerr-like , 

solitons, the PR solitons may be trapped in two trans- 
verse dimensions and maintain their stability. We 
have also shown theoretically and experimentally6 
that the PR solitons are stable for perturbations in 
their waveforms that are much smaller (in size) than 

their transverse cross sections but break down for 
perturbations that are comparable with their cross 
sections. Our theoretical model, however, is at this 
point limited to a single transverse dimension and 
cannot fully explain the trapping in two transverse 
dimensions. 

In this Letter we present experimental results that 
address the two-transverse-dimensional problem and 
point out where a one-dimensional analysis is valid. 
Furthermore, we find experimentally, in agreement 
with our predictions,'J that the size of the PR soliton 
is independent (within the range of its existence) of 
the externally applied voltage used to generate it. 

First, we address the trapping in two transverse 
dimensions. Assuming the anisotropy of the PR 
medium to be negligible, the only remaining asym- 
metry between the transverse dimensions can be 
associated with the direction of the external field. 
With this in mind, we recall that the influence of 
the external field is maximal for gratings whose K 
vectors are parallel (or antiparallel) to its direction 
and vanishes for gratings that are perpendicular to 
it. Consequently, we study the behavior of a beam 
that is narrow in one transverse dimension but very 
wide (virtually uniform) along the other direction, 
and we expect to observe a fundamental difference 
between self-trapping of beams that are uniform in 
the direction of the applied field and those that are 
uniform in the direction perpendicular to it. We 
perform this qualitative experiment using the setup 
shown in Fig. 1 of Ref. 3. As described there, the 
solitons are observed in a quasi-steady state, that 
is, after the gratings have been formed but before 
the external voltage has been screened. Our exper- 
imental observations indicate that the typical time 
for screening is roughly 2 orders of magnitude larger 
than the soliton formation time. By use of low in- 
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Vector tensor algorithm for optimization of hologram lmages in photorefractive 
gyroanisotropic media 

G.E. Dovgalenko, G.J. Salamo, 1.1. Loutchkiha 
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Arkansas 72701. U.S. 

ABSTRACT 

Given is a tensor-vector generalization for anisotropic crystal of nonlinear 
optic interaction in arbritraxy incidence of two plane waves transmitting 
regular nonhomogeneous nonlinear gyroanisotropic media. The solution is 
repreqented for arbitrary polarization of interacting waves, taking into 
account the real parameter of media: bipolar conductivity, natural and 
induced anisotropy by electric, optics, etc. external fields. A compact 
matrix-vector algorithm is demonstrated for a fast estimation 3D space 
evolution of the optic Aelds in arbitrary crystal symmetries and is usable to 
optimization the experimental condition and crystal parameters measurement. 
As example the theoretical predicted of selfdiffraction gyrotropy and energy 
exchange effects in  crystal of 23 class a t  orthogonal polarization 
counterpropagating waves is given. The giant value of the self-diffraction 
effect was found experimentally and applied in continously hologram 
registration interferometer. The concentration of impurity centers was 
found 3. 8*1014 cm -3. 
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NEW TECHNIQUES FOR MEASURING STRAIN 
AT FRACTURE OF THIN FILM MATERIALS 

'.I -. 
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university of Arkansas, Fayetteville, AR 72701 
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ABSTRACT 

The High Density Electronics Center (HiDEC) at the University of Arkansas is 
developing advanced electronic packaging methods including multi-chip modules which utilize 
high temperature superconductor interconnects. A wide variety of materials have been proposed 
and investigated for these applications. Good knowledge of the mechanical properties of the 
candidate thin film materials is important for reliable device design. 

Two new techniques have been developed to measure strain at fracture of thin film 
materials. The first is an acoustic technique in which an accelerometer is attached to the film. 
The film is then gradually strained. When the film fractures, an acoustic wave propagates 
through the film thereby creating a transient signal from the accelerometer. This signal is used 
to trigger an oscilloscope. The second technique is similar except that it utilizes a laser probe 
to detect the acoustic wave. In this photo-acoustic technique, the laser is reflected from the film 
onto a bi-sectional photodetector while the film is gradually strained. Upon film fracture, the 
acoustic wave modulates the laser beam and a transient voltage pulse is produced by the 
photodetector. Both techniques are capable of detecting extremely small cracks. 

INTRODUCTION 

Thin film materials used in multi-chip modules (MCM's) are often subjected to large 
mechanical stresses resulting from specific deposition conditions, temperature changes during 
processing and in service, and from the presence of passivation coatings. A good knowledge 
of the mechanical properties of the thin film materials is essential for improving the reliability 
of multi-chip module designs. 

The High Density Electronics Center (HiDEC) at the University of Arkansas is 
developing MCM's which utilize high temperature superconductor (HTSC) thin films for the 
interconnects. Ceramics such as the HTSC films are brittle materials with inherently low 
toughness. Since the mechanical properties of thin film superconductors - which differ from 
their bulk properties - are not well known, it is important that they be characterized. 
Furthermore, the mechanical properties are dependent on temperature. Thus, the techniques 
used to measure the mechanical properties of HTSC thin films should ideally be able to make 
accurate measurements at low temperatures (approx. 100 K). This paper describes the progress 
we have made in developing and verifying new techniques for the determination of the strain at 
fracture of thin film materials. 

Two new techniques have been developed to determine the strain at fracture of thin film 
materials. Both techniques should be suitable for measurements from cryogenic temperatures 
to several hundred degrees celsius although they have not yet been demonstrated at cryogenic 
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Photorefractive self-focusing and defocusing as an optical limiter 
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ABSTRACT 

Focusing and defocusing of laser light has been observed for many years. Optical Kerr 
type materials exhibit this effect only for high intensities. We show experimental evidence that 
photorefractive materials can also produce dramatic focusing and defocusing. Whereas Ken 
materials produce this effect for high intensities, photorefractive materials produce these effects 
independent of intensity indicating that this effect would be ideal for an optical limiter. We 
compare the characteristics of Ken and photorefractive materials, discuss the physical models for 
both materials and present experimental evidence for photorefractive defocusing. Self-focusing 
and defocusing was observed for any incident polarization although the effect was more 
pronounced using extraordinary polarized light. In addition, self-focusing or defocusing could be 
observed depending on the direction of the applied electric field. When the applied field was in the 
same direction as the crystal spontaneous polarization, focusing was observed. When the applied 
field was opposite the material spontaneous polarization, the incident laser light was dramatically 
defocused. 
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Manifestation of Circular Photogalvanic Current 
by Dynamic Holography in BaTiO, 
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Abstract. We report the first measurement of the photo- 
galvanic circular current antisymmetric tensor component 
in BaTiO,: Co. The measurement gives a value of this 
coefficient, for extraordinary beam amplification, of 4 x 
lo-' A/W using a nonstationary measurement technique 
at a wavelength of 0.632 pm. 

PACS: 42.40,42.65,42.70 

A photogalvanic current is a nonlinear optical effect [I, 23 
which can be utilized for hologram writing in a noncentro- 
symmetrical crystal. This current can be represented as a 
function of a light-wave electric field with components E,, 
El as: 

In this expression, the first term is the symmetric part 
of the photogalvanic current. This part of the tensor has 
components which satisfy the relationship 

Bmn = (Bn,1)* . (2) 

The second term in (1) represents the antisymmetric 
Part of the photogalvanic current and has tensor compo- 
nents flnr which have transformation properties that are 
similar to the properties of the gyration tensor [I-21. 

The antisymmetric components of the photogalvanic 
current, sometimes called the circular photogalvanic cur- 
rent because it can be generated using elliptically polarized 
light, can produce interesting results. For example, the fact 
that the antisymmetric component can couple orthogonally 
polarized waves makes ~ossible polarization recording 
and restoration [3,4]. In fact, the circular photogalvanic 
current has been shown in LiNbO,: Fe to be the main 
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.* Dr. G. Dovgalenko is on leave from the lRPA 'Rotor- 
Control" research laboratory ofthe Ukraine and is supported by 
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mechanism for phase conjugation with polarization resto- 
ration for images transmitted in multi-node fibers [5]. 

In this paper we report the first quantitative measure- 
ments of the circular photogalvanic current in BaTiO,: 
Co using the dynamic holographic grating technique. 
Writing the electric field of the incident light waves as a 
superposition 

where q, = ot - k;r, the amplitude of each coefiacient C, 
can be found using the Maxwell wave equation fo give: 

ik2 
(k, V)C, = - 2' ((6EE)e-'7.) . 

2 
(4) 

In this expression the birefringence is includedin the wave 
vector k,, and k, is the wave vector in a vacuum and the 
angular brackets denote usual time and space averages. 
The change in the permittivity tensor 6E is governed by the 
linear electro-optic effect given by 

where ? is the electro-optic tensor, E the photo-induced 
electro-static field, and P the permittivity tensor of the 
nonlinear crystal. In the case of BaTiO, with crystal sym- 
metry 4 mm, the components of Beij are given by 

 BE^: = - (non,)2r51 E, , 
where z is along the c or optic axis as shown in Fig. 1. 

The photo-induced electro-static field or space charge 
field can be calculated using the continuity and Poisso~l 
equations for the electric current and net charge distribu- 
tion. These two equations may be written as 



Superconducting TISr,(Ca,Cr)Cup07 thin films with critical current density 
up to lo6 ~ / c r n ~  
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Superconducting T1Sr2(Ca,Cr)Cu207 thin films with zero resistance temperature Tc up to 102 
K and critical current density Jc as high as lo6 A/cm2 at 77.7 K have been successfully prepared 
via laser ablation and thallium diffusion. Prolonged low temperature annealing in air was used 
for film processing. X-ray diffraction patterns indicated that the films were highly oriented 1212 
phase with c axes normal to the LaA,103(100) or Mg0( 100) substrates. 

Among the T1-based high T ,  superconductors,14 the 
single T1-0 layered T1- 12 12 and T1- 1223 compounds have 
drawn more and more attention in applied 
superconductivity.'-7 Since the distance between Cu-0 
conducting planes in these compounds is shorter than in 
the compounds with two TI-0 layers (2212 and 2223), 
leading to stronger interlayer coupling, it is suggested that 
the thermally activated flux motion in TI-1212 and Tl-1223 
phases may not be as severe as that in double Tl-0 layered 
compounds.8 It is also believed that the single T1-0 layered 
compounds have higher critical current density Jc and their 
superconducting performances are less influenced by mag- 
netic field.5'819 These advantages make TI- 1223 and T1- 12 12 
phases good candidates for the fabrication of supercon- 
ducting wires and thin films. 

Based on the work of the 105 K T1Sr2(Ca,Cr)Cu207 
bulk material in which Cr primarily takes the position of 
~ a , "  we have recently prepared this kind of 1212 phase 
film by chemical deposition" and by laser ablation.12 It 
was found that the new 1212 films were easy to prepare 
and could sustain a wide range of processing conditions. 
However, the superconducting properties of the films 
should be further improved in order to meet the require- 
ments of practical application. 

In this communication, we report the preparation of 
highly oriented Cr-substituted 1212 phase 
T1Sr2(Ca,Cr)Cu207 films of good quality. The films were 
produced by a two-step process via laser ablation and post- 
annealing in T1 vapor. By carefully controlling annealing 
conditions, we have successfully obtained superconducting 
T1Sr2(Ca,Cr)Cu207 films with T c  of 98-102 K and J, of 
1 X lo6 A/cm2 at 77.7 K. To our knowledge, the J, value is 
among the highest values achieved in 1212 phase T1-based 
thin films. 

The precursor films with a fixed starting composition 
of S Q C ~ C ~ ~ . ~ C U ~ O ,  were first deposited onto MgO( 100) or 
L a m 3 (  100) substrates using an Ar-F excimer laser. This 
starting composition was chosen according to the optimum 
range of Cr amount in the nominal compositions 
T1Sr2CaCr,Cu20z (y=O. 15-0.25) of bulk material." The 
laser operated with a wavelength of 193 nm at 10 Hz. The 
pulse energy was 125 mJ. The oxygen pressure.in the dep- 
osition chamber was 200 mTorr and the deposition. time 
was 20-30 min. The substrate temperature was controlled 

in the range of 250-350 "C during ablation. It was found 
that the substrate temperature was not critical during dep- 
osition as long as it was lower than 600 "C. With a thick- 
ness of 0.3-0.8 pm, the precursor Elms had a dark brown 
color and looked mirror-like. 

The as-deposited precursor films were then annealed in 
TI vapor. One unfired pellet with the nominal composition 
T1~r2CaCro.zCu20z ( x =  1 or 1.3 ) was used as the main T1 
vapor source, and some fired pellets were used as supports 
and as an auxiliary T1 source. We determined that x= 1 in 
the nominal composition corresponded to the ideal T1 
amount for synthesizing the 105 K 1212-phase bulk mate- 
rial. This ratio did not seem adequate for prolonged 6lm 
annealing. Therefore, x= 1.3 was chosen to enhance the 
concentration of TI vapor during the annealing process. 
Two kinds of slightly different configurations were used in 
the film annealing. One was the so-called "untouched 
method," in which the unfired pellet was placed about 1 
mm above the precursor film in a covered alumina boat. 
The other was called the "touched method," where the film 
was sandwiched between two pellets vertically placed in a 
closed alumina cylinder with the film surface confined to 
the unfired pellet. Annealing was camed out in a program- 
mable tube furnace at 860-870 "C, about 50 "C lower than 
the calcining temperature for bulk material." A lower an- 
nealing temperature proved to be helpful in improving the 
properties of superconducting f d m ~ . ' ~ * ' ~  A cooling rate as 
low as 2 "C/min was used to ensure the Anal fdm quality.'2 
The Tc and Jc of the fabricated superconducting films were 
then measured either by the four-probe or by the 
self-inductance'' method. 

In previous work, annealing was carried out in a flow- 
ing oxygen atmosphere for less than 3 h and the nominal 
TlSr2CaCr,2Cu20,, pellets were used as a T1 vapor 
source."*12 In the present work, however, we annealed the 
films in air and prolonged the annealing time to 5-20 h. 
These modifications played an important role in improving 
the quality of the resulting films. Studies on the effect of 
oxygen pressure on the formation of T1-based supercon- 
ductors show that the decrease of oxygen pressure can 
reduce the temperature of phase formation and enable the 
reaction at lower The oxygen pressure in 
air (0.2 atm) is much lower than the 1 atm flowing oxygen; 
thus, the formation of superconducting film at low anneal- 
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HIGH-QUALITY TlaBaaCaaCusOlo THIN FILMS 
FABRICATED VIA LASER ABLATION 

W. A. LUOT Y. Q. TANG,' Y. 2. CHEN f I. N. CHAN, K. Y. CHEN, 
Y. J. SHI, X. C. WANG, M. YOUNG. S. NASRAZADANI," 

2.2. SHENG, G. J. SALAMO, and F. T. CHAN 
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In this letter, we M b e  rrsulrs obtained via lssv ablation to fsbricata 
TlzBa2C~Cus-Olo m ~ n d u c t i n g  thin Filnr. using a tweatep process. We found 
that the -resistance tanperatnrrr are up to 111 K, while tbe a t  tunpsahva are 
up to 125 K. Thc Tc snd Jg are m i d J  determined by a n o p ~ o ~ M  new technique for 
hi&-Tc films. Thc typical critical -t density, J., is &cat Id A / W ~  at 77 K. X-ny 
difhdian shored that the .uperumductm6 thin iihu a m  pc(vly siugle 2223 phase and 
.rc highly 0 r i ~ t d .  

The potential application of high-T, superconductors in the field of advanced micm 
electronic depends on the development of low cost and high quality superconducting 
thin films. With the advantage of high-T, and Jc, low no*=, and low microwave 
aorface resistivity, the TI-based superconducting thin films are considered to be a 
viable candidate for practical applications at liquid-nitrogen temperature. Con- 
sequently, a wide variety of deposition methods have been adopted to fabricate 
TI-based superconductor thin  film^.'^ Due to the high volatility of TI oxides, it 
is diicult to control both TI and oxygen stoichiometry during deposition. Hence, 
recent works have been focused on refining the subsequent thermal annealing prct 
cesses. In this letter, we describe highquality T12Ba2CaaC~3010 thin films fabri- 
cated via laser ablation using a "two-stepn process.6~7 

In the first step, a target of Ba2Ca2 3 C ~ 3 0 r  sintered at 870°C for 15 hours is 
placed in a vacuum chamber at  200-300 mTorr oxygen. An excirner laser beam 
is then focused into the chamber and ant? the target. The high power laser then 
results in ablation and deposition of the rarget material anto the substrate. The 
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Enhancing the photorefractive effect 
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The transient response for beam fanning in photorefractive tungsten bronze crystals with an applied electric field and a focused 
laser beam is studied. Response times on the order of 1 ms for an incident power of 1 mW observed for incident beams focused 
to a 30 Km diameter in the crystal. This improved response time is accomplished without the significant reduction in the magni- 
tude of the photorefractive effect normally observed for focused beams. 

1. Introduction 

Photorefractive crystals have potential for appli- 
cations in the fields of dynamic holography and op- 
tical phase conjugation. This is basically due to the 
fact that these crystals exhibit large changes in their 
index of refraction with milliwatts of incident laser 
power. At the same time, however, these crystals suf- 
fer from a reputation of having a response time that 
is considered very slow. In this paper, we demon- 
strate that milliwatt lasers can in fact produce large 
index changes with fast response times in many pho- 
torefractive crystals available today. Our experimen- 
tal results are compared with theory and show some 
salient features not previously observed. 

Given a laser power of 1 mW in a I mm diameter 
beam incident on a tungsten bronze photorefractive 
crystal, the typical photorefractive response time is 
on the order of 1 to 10 s. This response time is con- 
sidered relatively slow for such applications as op- 

tical limiting or image processing. In order to im- 
prove the response time, two techniques can be used. 
The first takes advantage of the fact that the pho- 
torefractive response time goes inversely with the in- 
cident intensity. By focusing the laser beam to a small 
area in the crystal, the incident intensity can be in- 
creased and consequently a dramatic improvement 
in the response time may be expected. However, 
when the incident laser light is focused to a small spot, 
the magnitude of the photorefractive effect decreases 
and nearly vanishes [ 1 1. The physical reason for the 
decrease in the strength of the effect is due to the fact 
that the gain-length product for a 30 pm diameter 
beam is extremely small when compared to that of 
a millimeter beam. As a result, while focusing the in- 
cident laser light is attractive, it proves to be im- 
practical. One method of overcoming the gain-length 
reduction is the use of a cylindrical lens for focusing 
the incident light into the crystal [2] .  In this case, 
the intensity is increased by focusing only in one 
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Reflection holographic gratings in [ 1 1 1 ] cut Bi,,TiOzo crystal for 
real time interferometry 
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It is shown that reflection grating in [ I  1 I ]  BillTi020 crystal can be used for dynamic interferometry with a low power HeNe 
laser, giving a diffraction efficiency of 0.14%. Predicted and confirmed is the possibility of hologram recording by orthogonal 
polarized waves, using as advantage natural optical activity. 

1. Introduction m 

Recording of holographic gratings for real-time 
dynamic holographic interferometry (DHI) with 
photorefractive crystals was demonstrated in pre- 
vious work [ 1,2] in transmission grating. Another 
promising geometry, reflection grating, was dem- 
onstrated as useful for DHI [3].  

In this paper we present both theoretical and ex- 
perimental investigation of reflection gratings in 
Bi12Ti020 (BTO) crystal. We use [ 1 1 1 ] cut crystal 
which provides for holographic grating vector 
KII [ 1 11 ] isotropic recording and reading, without 
introducing birefringence. 

We also show that the natural optical activity of 
the crystal which usually hampers holographic re- 
cording in transmission grating [1,2,4] can be used 
as an advantage to allow to write grating by orthog- 
onal polarized waves. 

The basic features of DHI with reflection gratings 
is shown in fig. 1. Two counter-propagating beams 
intersect in the crystal, beam a acts like an object and 

Fig 1. Standard reflection grating set-up. 

beam b as reference. The interference pattern is re- 
corded in crystal via modulation of crystal refractive 
index by electro-optic effect [ 1-31. 

Beam b at the same time can participate in reading 
out in real time, producing beam a, which may be 
different by polarization from the transmitted object 
beam a,. This polarization difference allows to select 
a diffracted signal by analyzer. 

If some changes occur in the object beam, which 
results in small deviation of interference pattern, then 
a new grating begins to form in the crystal and the 
old grating is erasing. This leads to simultaneous ap- 
pearance of two diffracted beams from old and new 
holographic gratings. That generates interference 
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Observation of Self-Trapping of an Optical Beam Due to the Photorefractive Effect 
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We report on the first observation of self-trapping of an optical beam due to the photorefractive emect. 
The self-trapping occurs at microwatt light power levels, is intensity independent, and results in 
significant spatial pulse reshaping. 

PACS numbers: 42.6S.J~.  42.50.Rh. 4 2 . 6 S . H ~  

Self-trapping of laser beams in nonlinear Kerr media is 
a well studied phenomenon 11-61 in which the diffraction 
effects are exactly compensated by focusing effects 
caused by a light induced index change. In these cases, 
the propagation of a light beam is spatially confined and 
a shape-preserving transverse profile or spatial soliton is 
observed. Recently, a new type of spatial soliton has been 
suggested 171. It has been predicted to occur in a pho- 
torefractive medium and differs from Kerr solitons by the 
fact that the focusing effect is produced by an internal 
nonlocal space-charge dc field, as opposed to the local in- 
tensity dependent Kerr effect. A dramatic consequence 
of the difference in the focusing origin is that the pho- 
torefractive soliton is observable at low light powers on 
the order of 10 p W  (intensities of about 200 m ~ / c m ~ )  
or less while the observation of "bright" 151 or "dark" 161 
Kerr solitons requires much higher powers. Moreover, 
photorefractive solitons are independent of the laser light 
power. As a result, they propagate while maintaining 
their spatial profile even in the presence of loss or gain. 

In this Letter, we report the observation of pho- 
torefractive solitons. These solitons preserve their profile, 
which are independent of input power, and can be ob- 
served at low light powers of less than 10 pW. The de- 
gree of self-focusing due to the photorefractive index 
change is shown to be controllable by an applied dc volt- 
age across the photorefractive crystal. For small applied 
voltages, diffraction is seen to exceed the photorefractive 
focusing effect and the transmitted beam is observed to 
diverge through the crystal. For large applied voltages. 
the photorefractive focusing effect exceeds diffraction and 
the transmitted beam is observed to converge throughout 
the crystal. Only for a small range of applied voltages is 
a shape-preserving spatial profile observed to propagate 
throughout the crystal. This voltage range has been pre- 
dicted in Ref. 171 and is dictated by the crystal parame- 

ters, such as its electro-optic coefficients, the llielectric 
constant, the density of traps, and the light wavelength 
and polarization. For very large applied voltages, pho- 
torefractive focusing greatly exceeds diffraction and the 
incident beam converges in the crystal to a spot size 
smaller than its original waist. Following the formation 
of the new waist, the beam diverges and is then trapped 
as diffraction is once again compensated for by tlle focus- 
ing produced via photorefraction. In all cases, the laser 
beam is observed to reshape and take or, .. " -n?:;:h" sp-2- 
tial profile. 

For photorefractive solitons the photorefractively in-  
duced change in the index of refraction of the medium 
can be thought of as arising from the photorefractive 
two-wave mixing between all possible pairs of tile plane- 
wave spatial-frequency spectrum of the incidcnt laser 
beam [7,81. That is, for each pair of plane-wave corn- 
ponents of the incident beam which interferes 2nd pro- 
duces an interference grating throughout the crystal, a 
perturbation in the refractive index is generated G n ( r , z ) ,  
where z is along the propagation direction and r is in  tllc 
plane perpendicular to z. Each corresponding index grat-, 
ing may be viewed as a composition of two grating com- 
ponents: One is in phase, spatially, with the original in- 
terference pattern and the other is 90" out of phase. The 
in-phase component is responsible for phase coupling be- 
tween the plane waves, and therefore can compensate lor 
diffraction while the 90" phase shift component IS respon- 
sible for energy exchange between each pair of spatial- 
frequency plane-wave components of the incident beam 
and for stimulated scattering or "beam ;'J.: , : - y "  i9.iO1. 
In order to generate a nondiffracting light beam. *.vc r c . .  
quire Sn(r,z) -Gn( - r . z ) .  for all z. since diffraction is ' 
symmetric about the z axis. Following the discussion in 
Ref. t71 on  the symmetry properties of the coupling 
coefficient, 6n in the simple scalar 2D case, we Il;lve ustd. 
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Cmss talk is observed in a photorefractive bridge mutually pumped phase coqjugator during the transient t h e  
of photorekactive grating formation and is utilized to construct a moving-object correlator. The correlation pf 
various input images has been demonstrated and compared with calculated results. The device is currently 
capable of a resolution of approximately 4 to 6 lines/mm. 

Photorefractive crystals have been used for a number 
of optical processing applications arising from multi- 
wave mixing.' For example, with images spatially 
impressed on one or more of the beams in four- 
wave-mixing geometries, correlation/convolution op- 
erations have been Recently a new 
class of phase conjugator, called the mutually pumped 
phase conjugator (MPPC), has been demonstrated in 
a variety of materials and geometries. These con- 
jugators can be classified by the number of internal 
reflections the beams experience before conjugation; 

one: twosg or three.1° In these devices, two 
phase-conjugate outputs (double phase conjugation) 
are produced simultaneously by the interaction of two 
mutually incoherent beams of the same wavelength 
within the photorefractive crystal. 

In this Letter we describe how the occurrence of 
cross talk in MPPC's can be used to demonstrate a 
correlator. Whereas there are similarities between 
the device discussed here and the concept of a 
photorefractive novelty filter," the distinction is that 
the MPPC device not only detects moving objects but 
identifies them as well. In addition, unlike other 
four-wave-mixing correlators, this device selectively 
identifies only moving objects and ignores stationary 
objects. 

The no-cross-talk criterion12 established for MPPC's 
refers to steady-state coqjugate signals (a time that is 
long compared with the photorefractive response time 
of the particular crystal being used). For example, 
suppose that the double phase-conjugate mirror is 
formed by a plane wave and an image-bearing beam. 
ARer steady state is reached there is no observed 
cross talk between the two beams, i.e., there is no 
evidence of an image present in the phase-conjugate 

signal of the plane wave. If, however, while the 
MPPC is operating in the steady state, the ampli- 
tudes of the input beams are spatially modulated in a 
time that is short compared with the ph~torefractive 
response time, then cross talk betweeu the input 
beams is observed." After a time corresponding to 
the photorefractive response time 01 , : , ! lr; t?l ,  th'e 
cross talk is observed to disappear. If Chi= objec' 
suddenly moved, however, the image is again instan- 
taneously present on the phase-conjugate signal. . of . 
the plane-wave beam. 

To understand the correlation process in the bridge 
MPPC consider the diagram shown in Fig. 1, which 
schematically shows the bridge MPPC operating 
in the steady state. The two input beams are of 

Fig. 1. Optical correlator that uses the bridge MPPC: 
L1, Lz, Fourier-transform lenses; S's, shukters; W1, 
CP2, correlation planes; ul, uz, objects; BS's, beam 
splitters; A, B, regions of dynamic holography. .Re- 
gion A is expanded in the inset. 
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We study the possibility of self-trapping of an optical beam in a photorefractive medium under the combin?!d 
influence o f  diffraction and self-scattering (two-wave mixing) of its spatial frequency components. We investi- 
gate the spectrum of solutions for the resulting photorefractive spatial solitons and discuss their unique proper- 
ties. Design considerations and material requirements for experimental realization of these solitons, together 
with specific examples, are given. 

1. INTRODUCTION 
Self-trapping of light beams in nonlinear self-focusing 
Kerr media has been explored intensively during the past 
three decades. The self-trapped beams, often in the form 
of spatial solitons, evolve from nonlinear changes in the 
refractive index of the material that are induced by the 
intensity distribution of the light when the confining ef- 
fect of the refractive index exactly compensates for the 
defocusing effect of diffraction. After self-focusing of 
light beams' in the presence of the optical Kerr effect was 
observed experimentally, a theoretical solution for the re- 
sulting spatial solitons was f ~ u n d . ~ . ~  This solution was 
followed by demonstrations of self-trapping in vapors4 and 
liquids,' and finally, within the past few years, spatial soli- 
tons in solid (glass) media were also observed.= However, 
the index changes needed for Kerr-like spatial solitons 
require high intensities, intensities often exceeding 
1 MW/cm2. 

In a recent paper7 we suggested a new type of spatial 
soliton that is associated with the photorefractive (PR) ef- 
fect in a crystal. The intensity profile of the beam modu- 
lates the refractive index by means of the PR effect, which 
results in an  exact compensation for the effects of diffrac- 
tion and causes the light beam to propagate with an un- 
varying profile. These new solitons arise from the 
nonlocal PR effect rather than from the local Kerr effect. 
They can be generated even a t  moderate light intensities, 
since the efficiency of the PR effect is independent of the 
absolute light intensity. 

In this paper we provide a detailed derivation of the 
equation governing propagation in a PR material and 
explore the spectrum of its solutions that pertain to dis- 
tort ionless propagation. We discuss the properties of the 
PR solitons and specify the material requirements and the 
design considerations for an experimental realization. 
Finally, we evaluate the minimal nonlinearity that is 
required for trapping a light beam and consider a specific 
example of self-trapping in strontium barium niobate 
(SBN). 

2. BEAM PROPAGATION IN 
PHOTOREFRACTIVE MEDLA , - 
The PR solitons are found among the steady-state $01~- 
tions of the nonlinear wave equation that ddscribe beam 
propagation in PR media and account for bolh diffraction 
and the mutual interaction between each pair of spatial 
components of the beam. Since the key to this nonlinear 
scattering process is grating formation by a continuum of 
Fourier (plane-wave) components of the beam, we cannot 
resort to the two-plane-wave analysis that is comm?nly 
applied to PR materials. Our general formalism acoou.nts 
for the transverse spatial structure of the beam. . 

We start by deriving the nonlinear wave equation that 
describes the propagation of a monochrotnatic optical 
beam of a given frequency (o) and polarization &at is 
traveling in the positive direction of an arbitrary axis z. 
We assume the absence of nonlinear interactions between 
orthogonal polarizations (anisotropic scattering8), so that 
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Single beam holographic grating recording, based on the photogalvanic coupling between orthogonal 
birefringent modes, is demonstrated in a photorefractive BaTiO, crystal. 

PACS numbers: 42.70.Nq. 42.25.Ja. 78.20.-e 

In holography, two waves, signal and reference, are To take into account the fact that our coefficients of the 
needed to record information about the phase and ampli- expansion in Eq. (1) are time dependent we write the dis- 
tude of the signal wave. This is normally accomplished placement vector as 
using one optical beam for the signal wave and a separate 
beam for the reference wave. D-gE+SD.  (3) 

In this paper, we demonstrate both theoretically and Substituting Eqs. ( I )  and (3) into the wave equation, 
experimentally the possibility of hologram recording us- while making the slowly varying envelope approximation, 
ing only one input beam, which is automatically split into we get an expression [6] for the wave C,: 
two eigenmodes in a birefringent photogalvanic crystal. 
The interaction between the two orthogonally polarized (k,.V)C, - - - io (6De 
eigenmodes, ordinary ( 0 )  and extraordinary (el,  in the 2c 
crystal, via a photogalvanic current 11-51, then writes a io --- 
holographic grating. This grating is subsequently read 2c (6EEe - ' n J ~ l , z  , 

using the same single recording beam either in real time 
or at  a later time. Consequently, the great advantage of 
this technique is that there are reduced restrictions on the 
coherence length and alignment of thc incident laser light 
since the crystal. the reference and signal beams are formed inside k%l = zo- re 

The coupling between orthogonal waves inside the crys- 
tal is depicted in Fig. I. An optical beam is incident onto k c 8  

a crystal a t  angle 6. The incident field then splits into - - - - L  - - - -  :"eko nok0 

two crystal eigenfunctions characterized by the ordinary I 

I 

and extraordinary wave vectors k, and k,. In the region 
k O = f i  

I 

of overlap between the two eigenwaves in the crystal, a 1 

holographic grating is written. More formally, the elec- 
tric field of the incident light in the crystal can be written 

Y 
as a superposition of quasiplane waves, t 

where q, =wr - k,. r and "s" is a sum over the ordinary 
and extraordinary crystal eigenmodes. In this expression, 
the birefringence of the photorefractive crystal is con- 
tained in the wave vector k, and w is the optical frequen- 
cy of the incident field. 

The propagation of the electric field in the crystal is de- 
scribed by Maxwell's wave equation: 

(2) FIG. 1.  BaTiOy in crystallographic system of axes with k- 
vector diagram. 
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Abstract. Superconducting ll,Ba,Ca,Cu,O,, thin films with T, (p = 0) up to 121 K 
were successfully prepared via the deposition of a BaCaCuO precursor (by laser 
ablation or sputtering) and thallium diffusion under 1 atmosphere of air. Instead of a 
short annealing time at high temperature, we use a prolonged annealing tlrne (up to 
60 hours) at lower temperature (800415°C). The films obtained with this procedure 
are generally good in morphology, highly oriented and exhiblt a critical current 
density, J,, of about 1-2 x 10' A cm-2 on MgO(100) and up to 1.5 x lo6  A crn-2 on 
LaA1,(100) at 77 K. Both T, and J, values reported here are comparable to the best 
TI-2223 films prepared by the pseudo-onestep process. 

1. Introduction 

Since the discovery of T1-based superconductors [I-21, 
the compound T12Ba2Ca2Cu3010 (TI-2223 or 2223) has 
been found to have the highest T, @ = 0) up to 127 K 
[3-41. With high sintering temperature (> 850°C), it is 
usualIy not difficult to prepare and reproduce bulk 2223 
materials with T,  about 120 K. However, to further 
improve the T,, a sophisticated post-annealing pro- 
cedure, invoIving low-temperature treatment and 
oxygen adjusting, must be introduced. By encapsulating 
the 2223 samples in evacuated quartz tubes and post 
annealing at low temperatures (750-760°C) for about 
10 days or more, the T,  can be increased to 127 K 13- 
41. Moreover, reduced partial oxygen pressure has 
proved useful in decreasing the synthesis temperature of 
the 2223 phase [5] and in increasing its T, [3]. 

In the fabrication of TI-2223 thin films, where post 
annealing is still necessary for both pseudo-one-step or 
two-step processes [6], reduction of annealing tem- 
perature is of particular importance because it not only 
leads to the formation of high-quality films but is also a 
necessary step towards a real one-step process such as 
that for T1-1212 film [7J. Previous annealing procedures 
for 2223 films generally use high temperatures 
(>85O0C) and short times (5-60 min),' which usually 
generate relatively rough film surface and poor J , .  Lee 
et a1 recently reported the low temperature formation of 
2223 films in reduced 0, pressure 181. With their 
pseudo-one-step procedure, the quality of the 2223 film 
was improved significantly. Their best films were shiny 
to the eye and showed a T, as high as 121 K and a J ,  of 
1.6 x lo6 A at 77 K. However. 'their technique 

was somewhat complicated. Our recent work on spray 
pyrolysis also showed that, even under 1 atmosphere of 
oxygen, 2223 lilms with T, up to 121 K can still form at 
relatively low annealing temperature if the annealing 
time is long enough 161. 

In this paper, we report the two-step formation of 
2223 films at low annealing temperature in 1 atrno- 
sphere of air. Under optimum conditions, the T, ranged 
from 117 K to 121 K, and J ,  is 1-2 x lo5 A &-2 for 
the films on MgO(100) substrates and up to 
1.5 x lo6 A cm-2 on LaAI03 at 77 K. 

2. Experimental details 

The substrates used for film production were MgO(100) 
and LaA10,(1$). The BaCaCuO precursor iilms were 
depoiited by laser ablation or sputtering. The details of 
the equipment for these methods are described else- 
where [9, 101. The substrates were heated at 400-500 "C 
for the laser ablation but were kept at room tem- 
perature during sputtering. The precursor films depos- 
ited by laser were 0.4-0.5 ,urn thick while those by 
sputtering were about 0.8 ,urn. Thallium was then intro- 
duced by anneaIing the as-deposited BaCaCuO films 
with crude T1,.,Ba2Ca,,,Cu,0, pellets in a closed 
alumina boat. The films were placed in a free-surface 
configuration with the- pellet positioned about 1 mm 
above thd film. The pelIets were prepared using high 
purity T1203, BaO, , CaO and CuO powder [l 11. The 
annealing temperature was 750-820 "C, 80-150 "C 
lower than the conventional temperature for bulk for- 
mation and at least 50 "C lower than the generally used 
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TI-Ba-Ca-Cu-0 superconducting thin films have been prepared using both laser 
ablation and "fog" spray techniques. The zero resistance temperature varied between 
92 K and 119 K. 

INTRODUCTION 

The potential application of high Tc superconductors in the field of advanced 
microelectronics depends on the development of low cost high quality superconducting 
thin films. In this paper we will describe results obtained using two techniques to 
produce TI-Ba-Ca-Cu-0 superconducting thin films. The first technique is laser 
ablation while the second involves the use of a chemical "fog" spray. 

LASER ABLATION 

Results using the laser ablation technique on an alumina substrate are shown in 
Figure 1. A very low resistance is maintained until a Tc of up to 92 K. The technique 
used to fabricate these films employs a simple two-step processl. 2. In the first step a 
target of Ba2Ca2Cu30x is placed in a vacuum chamber. The output of an excimer laser 
is then focused into the chamber and onto the target. The high laser intensity at the 
target then results in ablation of the target material. The resulting spray of material then 
deposits onto an alumina substrate. The experimental apparatus for the deposition of 
the thin film is shown in Figure 2. In the second step the sample is removed from the 
chamber and placed in an oven along with a boat of T12Ba2Ca2Cu3OX powder. The 
sample is then heated at 830' C for approximately five minutes and then cooled and 
removed for testing. 

*National Science Foundation, Washington, D.C. 
% 

The excimer laser shown in Figure 2 was operated using ar 
producing about 100 millijoules in a 10 nanosecond pulse at a w: 
nanometers. The output of the laser was focused, using a quartz lens ( 
mm, into the vacuum chamber housing the Ca-Ba-Cu target and alumi 
focused laser spot size at the target was about 100 p x 200 p. At tk 
rate of 20 Hz the time for forming a 2 micron thick film was about 40 I 
average deposition rate of about 0.8 nanometers per second. The vacu 
maintained at a background pressure of 10-5 tom while the alumii 
maintained at a temperature of 200' C. The angle 8 between the inc 
and the normal to the substrate was fixed at 30" and the distance betwt 
substrate was 3 cm. These values were chosen to optimize the unifo 
film formed on the substrate. Several alumina substrates were ma 
varying from U) p to .25 p. Results were similar to that shown in 
case. However, a higher T, was generally found for smoother samplf 
Figure 3(a) and (b) shows plots of the surface smoothness for two dif 
before laser deposition. Substrate (a) yielded the higher Tc of 92 K st 
substrate (b) gave the results in 3(d). Figure 4, shows both the subst 
and the corresponding film smoothness for our best alumina samples ( 
that the film smoothness is similar to that of the substrate. The improj 
with increased substrate smoothness is also supported by our measur 
when polished sapphire was used as a substrate. Similar high quality 
also been obtained using MgO as a substrate. Results from a sc, 
microscope, shown in Figures 5(a), (b), and (c) show in more deta 
smoothness for the alumina superconducting samples. 

As mentioned earlier, once the Ca2Ba2Cu3G thin film is prepar~ 
an oven and heated along with a boat containing about 10 grams of Tl 
powder. The oven temperature is maintained at 830' C for approximate 
and then allowed to cool to room temperature. In this way, the interact 
thalium and substrate is only possible, at elevated temperatures, fo 
minutes. This relatively brief interaction time is believed to be resr 
successful growth of the films without the need for buffer lavers. In 
heating forperiods longer than five minutes results in the l&s of the 
Figure 1. 

The microstructure of the thalium thin films on alumina was als 
using x-ray diffraction. Figure 6 shows a typical x-ray diffraction pa 
film after baking in thalium vapor. The data reveals that the supercondl 
composed of the (2212) low phase and the (2223) high phase. Each p 
present. This observation agrees with the fact that the measured Tc 
which is between the bulk Tc temperatures of 80 K and 120 K for thc 
phases. Corresponding data for sapphire and MgO substrates have not y 

CHEMICAL FOG SPRAY 

The second technique used to produce thin films involves the ust 
"fog" spray. This technique is one of the simplest but useful methods 
thin film superconductors. A solution of Tl-Ba-Ca-Cu-0 (Tl: Ba: Ca: 
3) and .05 M concentration was prepared using high-purity Tl NOg, I 
(N03)2, and Cu (NO&. The solution was sprayed on using a fog sDraT 



Enhancing the response time for photorefractive beam fanning 
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ABSTRACT 

Two types of optical limiting devices which have been demonstrated using 
photorefractive crystals are the "beam fanning" limiter and the "two-beam coupling" 
limiter. Experimental demonstrations of these two devices have revealed an interesting 
difference in behavior between those two limiter types. The two-beam coupling limiter is 
consistently faster than the beam fanning limiter for the same incident intensity. This is 
somewhat surprising since the beam fanning limiter is based on two-beam coupling 
phenomena. Our recent experiments show, however, that the relative speed of the two 
devices can be made more alike using a phase grating at the entrance face of the beam 
fanning limiter. While the phase grating scatters only about 1% to 5% of the incident 
light it apparently provides sufficient seeding to significantly enhance the beam fanning 
response time. Since the diffracted light is only about 1% the distortion to vision through 
the limiter due to dispersion is minimal. In the presentation we will present results from 
an experimental investigation of the effect of seeding on the "beam fanning" limiter 
response time. In particular, we have examined the response time dependence on the 
intensity and direction of the seed beam. Comparison with theory will also be presented. 
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The principle of incoherent-to-coherent conversion is demonstrated in several photorefractive oxide crystals us- 
ing a self-pumped phase-coqjugator geometry. Resolution in excess of 30 line pairs/mm has been obtained for 
writing beams of a few milliwatts of power. The combined readlwrite function for a single frame showed a 
time response of approximately 140 ms at an intensity of 1 w/cm2 for the crystals used in these demonstrations. 

Spatial light modulators (SLM's) play a key role in 
the architecture of optical processing systems, and 
numerous SLM concepts have been demonstrated 
based on a wide variety of physical phenomena and 
materials. One of these techniques makes use of 
the real-time grating formation in photorefractive 
crystals to produce successfully coherent replicas of 
incoherent images.'-4 A number of devices that can 
convert incoherent images into coherent images 
have been demonstrated by using either or 
three's5 input plane waves. All these devices use an 
incoherent image-bearing beam to erase selectively 
a uniformly recorded volume hologram so that the 
spatial information contained in the image-bearing 
beam is transferred to a coherent readout beam 
when the hologram is reconstructed. 

In another method the incoherent scene is imaged 
into the crystal after it passes through a Ronchi rul- 
ing.6 As a result, the imaged Ronchi ruling and in- 
coherent scene form an  encoded grating in the 
crystal. The coherent reading beam then diffracts 
off the incoherently written grating, and the coher- 
ent signal beam bears its encoded incoherent image. 
This technique has been recently used in a single 
crystal of Ce-doped strontium barium niobate 
(SBN:75) to demonstrate multichannel photorefrac- 
tive incoherent-to-coherent optical conversion.' 

In  this Letter we demonstrate incoherent-to- 
coherent conversion using a self-pumped phase con- 
jugator.' In this geometry the incident input wave 
is reflected from self-generated gratings in the crys- 
tal to form the conjugate beam (signal beam). The 
experimental arrangement used for this demonstra- 
tion is shown in Fig. 1. An extraordinary-polarized 
beam at 514 nm from an argon-ion laser was used as 
the self-pumping beam (recording beam). It was ex- 
panded to 4 mm in diameter and had an intensity 

of 37 mW/cm2. The conjugate signal was produced 
with a reflectivity of approximately 5% and was 
imaged with lens L2 onto an observation screen po- 
sitioned in front of detector Dl. A counterpropagat- 
ing beam (writing beam) approximately 1 mm in 
diameter consisted of either a laser beam or a white- 
light source (xenon lamp). The lasers producing the 
write beam were either an argon-ion laser using a 
single line or all lines or a He-Cd laser :+ h.49 nm. 
The amplitude of the writing beam could be ~p~ii:.l:, 
modulated by passing i t  through a binary trampar- 
ency (US. Air Force resolution chart). Lens L,, 
with a focal length of 75 mm, was used to image the. 
writing beam into the crystal without magnifica- 
tion. The amplitude-modulated writing beam al- 
ters the volume phase gratings responsible ibr the 
phase-conjugate signal by means of selective era- 

SCREEN ! 

4 

F+----. I 
LASER " ,' 

Fig. 1. Experimental arrangement used to demonstrate %, 

the principle of incoherent-to-coherent conversion in a .' 
self-pumped phase conjugator. PR's, polarization rota- '. ' 

tore; BX, beam expander; T, binary transparency; BS, , 

beam splitter; A, 1-mm-diameter aperture; M's, nlirrors. 
The incoherent white-light source is a xenon lamp 4 '. 

0146-95921921030207-03$5.00/0 @ 1992 Optical Society of America 
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Short Note 

Fabrication of Superconducting TISrz(Ca, Cr)Cuz07 Thin Films 
by Laser Ablation and Thallium Diffusion 
Yongqiu TANG, Weiang LUO, Zuyao CHEN, Seifollah NASRAZADANI*, Fui T. CHAN, 
Gregory SALAMO, Donald 0. PEDERSON and Zhengzhi SHENG 
Department of Physics, The University of Arkansas, Fayetteville, Arkansas 72701, USA 

(Received June 29, 1992; accepted for publication September 19, 1992) 

Superconducting TISr,(Ca, Cr)Cu,O, thin films have been prepared on MgO(100) substrates via laser ablation and 
thallium diffusion. Precursor SrCaCrCuO films were first deposited by an excimer laser; thallium was then incorporated 
by annealing the precursor films between un-fired TlSrCaCrCuO bulk pellets. The product superconducting films are 
1212 phase and exhibit T,(p=O) up to 90 K and J,(transport) up to 10' ~ l c m ' .  

KEYWORDS: superconducting thin film, high T, superconductor, TI-Sr-Ca-Cu-0 system, "1 21 2" phase, CT ad- 
dition, laser ablation 

Among M-substituted (M=Pb, Bi, Cr or rare earth) 
1212-type phase (Tl, M)Srz(Ca, M)Cu207 
the Cr-substituted l'1Sr2(Ca, Cr)Cuz07 exhibits a T, as 
high as 110 K and is easy to synthe~ize.~) Motivated by 
this easy formation and high T,, we have successfully 
prepared 100 K T1Sr2(Ca, Cr)Cu207 superconducting 
films via spray pyrolysis and thallium diffu~ion.~) 
However, the films obtained by the spray technique are 
generally thick and rough on surface which may not be 
suitable for certain electronic applications. In this paper, 
we report the preparation of TlSrz(Ca, Cr)Cu207 
superconducting films on MgO(100) substrates using 
laser ablation and thallium diffusion. Zero-resistance tem- 
perature Tc(p=O) of the best films was 90K, and the 
critical transport current J, was about lo4 A/cm2 at 77 K. 

The laser ablation target with nominal composition of 
Cro,zSr2CaCu2Ox was prepared by sintering a pellet of 
properly mixed powder of CrzO,, SrO, CaO and CuO at 
880°C for 24 h. Precursor films were deposited onto 
MgO(100) substrates at 260-280°C using a Kr-F excimer 
laser with a wavelength of 248 nm. The laser operated at 
20 Hz with a power of 200 mJ. The oxygen pressure in 
the deposition chamber was 200 mTorr and the deposi- 
tion time was 7-20 min. The as-deposited precursor films 
were then put between unfired T1CrO2Sr~CaCu2Ox bulk 
pellets in a covered alumina cylinder, and were heated in 
a programmable tube-furnace at 860-880°C for 30-180 
rnin in an oxygen atmosphere. A high temperature 
worked with a short annealing time while the lower tem- 
perature treatment took longer. In the cooling step, some 
films were cooled in argon while others were cooled in ox- 
ygen. Different cooling rates were used. The methods and 
instruments used for investigating the thickness, mor- 
phology, X-ray diffraction patterns as well as the T, and 
J, of films were all described in ref. 8. 

The precursor films deposited by laser ablation were 
mirror-like with a shiny dark brown color and were not 
conducting. The thickness of the films varied from 0.3- 
0.8 pm depending on the deposition time. After the T1- 
diffusion procedure, the films turned black, and were 
superconducting. Although the preparation conditions 
for TlSrCaCrCuO films were much less sensitive than 
that for TlBaCaCuO superconducting films,') the anneal- 
ing procedure was still very crucial for the superconduct- 
ing properties. 

*Department of Mechanical Engineering, The University of Arkansas. 
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Table I lists the processing conditions and T, and J, for 
some films. It shows clearly that both annealing tempera- 
ture and cooling rate play very important roles in the film 
properties. Film S1 was annealed at 880°C for 30 rnin in 
an oxygen flow. The X-ray diffraction pattern of this film 
(Fig. 1) shows that the film is single 1212 phase T1Sr2(Ca, 
Cr)Cuz07 and exhibits a strong orientation with c-axis 
perpendicular to the surface of the MgO(100) substrate. 
However, T,(p=O) of the film is only 82 K and the Jc is 
also low (< lo' A/cmZ). The SEM photograph (Fig. 2(a)) 
illustrates that the film consists of uniform crystalline 
grains with an average size of 2 pm, but the morphology 
is porous. Obviously, it is the porosity that causes the 
poor Jc of film. In contrast, films processed at lower tem- 
perature have random orientation but are more dense 
(Fig. 2(b)). These films exhibit higher Tc(p=O) and Jc. By 
decreasing the temperature from 880°C to 865"C, Tc is in- 
creased from 82 K to 90 K (also see Fig. 3). A rapid cool- 

Table I. Annealing condition and T,(p=O) and J, for some films. 

Sample Annealing condition 

880°C, 30 rnin ( 0 3 ,  
cooling rate: 50°C/min (Ar) 
875 OC, 60 min ( 0 3 ,  
cooling rate: 50eC/min (Ar) 
870°C, 90 rnin ( 0 3 ,  
cooling rate: 50°C/min (Ar) 
870°C, 90 min (O,), 
cooling rate: 50°C/min (0,) 
865'C, 150 rnin (O,), 
cooling rate: Z°C/min (0,) 
860°C. 180 rnin (O,), 
cooling rate: 2'C/min (0,) 

2 0 (degree) 

Fig, I .  X-ray diffraction pattern for the superconducting TISr,(Ca, 
Cr)Cu107 film SI  in Table I. It shows that this film is single 1212 

phase and is highly oriented. 
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Improved photorefractive time response using a 
cylindrical lens 

Gregory J. Salamo, Brian D. Monson, William W. Clark Ill, Gary L. Wood, Edward J. Sharp, and 
Ratnakar R. Neurgaonkar 

Experimental obsemtions are reported which demonstrate that the response time for beam fanr~ing, self- 
pumped phase conjugation, and double phase conjugation can be shortened by more than an order of 
magnitude without a significant reduction in coupling strength by using a cyclindrical lens to focus incident . 
laser light into a photorefractive crystal. These resulta are compared with those obtained using a spherical . 
lens where a reduction in the photorefractive response time is accompanied by a corresponding reduction in ,"' 
coupling strength. It is shown that the fidelity of a phase conjugate beam is not degraded when c:alindrical 
optica are ueed. 

Over the last few years beam fanning,' self-pumped 
phase conjugation: and double phase conjugation3 
have been demonstrated in photorefractive materials. 
While these effects are intriguing and have potential 
application, one of the noted drawbacks has been the 
slow time response associated with high gain materi- 
al~.~ The search for new materials and the modifica- 
tion of existing materials are two efforte currently be- 
ing pursued to improve the response time."' For 
presently available materials, three other methods 
have been used: increased intensity? higher tempera- 
ture?JO and applied electric fields.11J2. This paper is 
an investigation of the use of higher laser intensities 
via focusing to improve the response time. In addi- 
tion, the intensity distribution of the focused spot is 
used to maintain a high.gain-length product. 

Higher laser intensities decrease the response time 
by increasing the rate at which charges are excited in 
the illuminated areas in photorefractive crystals. 
Higher intensities can be achieved by turning up the 
laser power or by focusing the available laser light to a 

Ratnakar R. Neurgaonkar is with Rockwell International Science 
Center, Thousand Oaka, California 91360; G. J. Salamo and B. D. 
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22060-5677. 
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smaller spot. Both techniques produce faster photo- 
refractive response times but not necessarily the same 
coupling strength. I t  will be shown that the use of a 
spherical lens to focus the incident beam to a tight 
waist decreases the response time but also decreases 
the magnitude of the photorefractive effect for pro- 
cesses involving beam fanning; however, the response 
time can be improved without decreasing the gain by 
focusing with a cylindrical lens. In particular, the 
photorefractive response times for beam fanning, self- 
pumped phase conjugation, and double phase conjuga- 
tion were observed to improve by use of cylindrical 
focusing while maintaining approximately the original 
coupling strength. 

In addition to response time, the fidelity of phase 
conjugate images produced by a self-pumpe,l phase 
conjugate mirror based on cerium doped strontiuh 
barium niobate (Ce-SBN:60) was comnered for the 
cases of spherically focused, cylindrically Cr;cu.:.:.l!, F .-; 
unfocused light. A fidelity of -70 line pairs/rr.a was 
obtained in each case. 

11. Physical Description of Beam F a ~ h g  
Beam fanning is a well known photorefractive phe- 

nomenon in which coherent light is scattered asym- 
metrically as it passes through a high gain crystal. 
The beam fan originates from conventional scattered 
light which crosses the incident beam and writes index 
gratings in the crystal via the photorefractive effect. 
As a result of these index gratings, energy is coupled 
from the incident beam into the weaker scattered 
beams, which can result in significant depletion of the 
incident beam. The magnitude of the coupling de- 
pends on the number of scatterers, the gaiu of the 

10 May 1991 / Vol. 30. No. 14 / APPLIED OPTICS 1847. 
.' . 



Improved photorefractive time response using a 
cylindrical lens 

Gregory J. Salamo, Brian D. Monson, William W. Clark I l l ,  Gary L. Wood, Edward J. Sharp, and 
Ratnakar R. Neurgaonkar 

Experimental observations are reported which demonstrate that the response time for beam fanning, self- 
pumped phase conjugation, and double phase conjugation can be shortened by more than an order of 
magnitude without a significant reduction in coupling strength by using a cyclindrical lens to focus incident 
laser light into a photorefractive crystal. These results are compared with those obtained using a spherical 
lens where a reduction in the photorefractive response time is accompanied by a corresponding reduction in 
coupling strength. It is shown that the fidelity of a phase conjugate beam is not degraded when cylindrical 
optics are used. 

I. Introduction 
Over the last few years beam fanning,' self-pumped 

phase conjugation? and double phase conjugation3 
have been demonstrated in photorefractive materials. 
While these effects are intriguing and have potential 
application, one of the noted drawbacks has been the 
slow time response associated with high gain materi- 
a l ~ . ~  The search for new materials and the modifica- 
tion of existing materials are two efforts currently be- 
ing pursued to improve the response For 
presently available materials, three other methods 
have been used: increased in ten~ i ty ,~  higher tempera- 
t ~ r e , ~ J O  and applied electric fields.llJ2. This paper is 
an investigation of the use of higher laser intensities 
via focusing to improve the response time. In addi- 
tion, the intensity distribution of the focused spot is 
used to maintain a high gain-length product. 

Higher laser intensities decrease the response time 
by increasing the rate a t  which charges are excited in 
the illuminated areas in photorefractive crystals. 
Higher intensities can be achieved by turning up the 
laser power or by focusing the available laser light to a 
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smaller spot. Both techniques produce faster photo- 
refractive response times but not necessarily'the same 
coupling strength. It will be shown that the use of a 
spherical lens to focus the incident beam to a tight 
waist decreases the response time but also decreases 
the magnitude of the photorefractive effect for pro- 
cesses involving beam fanning; however, the response 
time can be improved without decreasing the gain by 
focusing 'with a cylindrical lens. In particular, the 
photorefractive response times for beam fanning, self- 
pumped phase conjugation, and double phase conjuga- 
tion were observed to improve by use of cylindrical 
focusing while maintaining approximately the original 
coupling strength. 

In addition to response time, the fidelity of phase 
conjugate images produced by a self-pumped phase 
conjugate mirror based on cerium doped strontium 
barium niobate (Ce-SBN60) was compared for the 
cases of spherically focused, cylindrically focused, and 
unfocused light. A fidelity of -70 line pairs/mm was 
obtained in each case. 

II. Physical Description of Beam Fanning 
Beam fanning is a well known photorefractive phe- 

nomenon in which coherent light is scattered asyrn- 
metrically as it passes through a high gain crystal. 
The beam fan originates from conventional scattered 
light which crosses the incident beam and writes index 
gratings in the crystal via the photorefractive effect. 
As a result of these index gratings, energy is coupled 
from the incident beam into the weaker scattered 
beams, which can result in significant depletion of the 
incident beam. The magnitude of the coupling de- 
pends on the number of scatterers, the gain of the 
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Color Imaging in Photorefractive Crystals 
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Abstract. Color phase-conjugate imaging is demonstrated using a multi-colored Iaser beam. 
Speed of response, size of the image, clarity of the image, and the intensity of the image are 
investigated. Color images are stored and recalled without crosstalk between different colors. 

PACS: 42.80. 42.30, 42.65 

One of the more amazing properties of photorefractive 
crystals is their ability to store and manipulate optical 
images. This ability has been beautifully demonstrated 
in many experiments using monochromatic Iaser light. In 
this paper we report on several techniques, using pho- 
torefractive crystals, which demonstrate the storage and 
recall of color images. Each of these techniques depends 
on a basic photorefractive phenomenon called beam fan- 
ning. 

I Beam Fanning 

Allow a monochromatic laser beam from an argon-ion 
aser to propagate through a photorefractive crystal [I]. 
Light scattered from imperfections in the crystal bulk 
a n  cross the incident beam and write an interference 

Am("' '̂ " 
I 

SINGLE 

POLARIZATION - AXIS 

pattern. The interference pattern then causes charges to 
be selectively excited in the light areas and diffuse into 
the dark areas where they are re-trapped. The diffusion of 
charge from areas which are illuminated with laser light 
to areas which are dark therefore results, at equilibrium, 
in a charge separation. The charge separation tben in- 
duces an electric field and causes a change in the index of 
refraction via the electro-optic effect. The resulting index 
change is 90" phase shifted from the original intensity 
interference pattern. This shift is then responsible for the 
selective energy transfer from the incident beam into the 
scattered Iight to one side of the crystal as seen in Fig. 1. 
The scattered light pattern resembles that of a fan and is 
therefore termed "beam fanning" [2]. This beam fanning 
phenomenon plays an important role in each of the color 
imaging techniques which will be described in this paper. 

. , *-  / U 
IMAGE 
PLANE 

Fig. I. Amplified scattered light pattern or 
"beam fan" observed in photorefractive SBN 
crystals 



Enhanced photorefractive beam fanning due to internal and 
external electric fields 

William W. Clark Ill, Gary L. Wood, Mary J. Miller, Edward J. Sharp, Gregory J. Salarno, Brian Monson, 
and Ratnakar R. Neurgaonkar 

Significant increases (X10) in both speed and gain of the beam fanning process were obtained via three 
different methods in SBN and BSKNN. These methods involve the creation of a dc electric field either (1) 
externally, (2) by the pyroelectric effect, or (3) by thermally cycling the crystal and the presence of lafer 
radiation. The enhanced effects were observed for both ordinary and extraordinary polarized light. 
Key &or&: photorefraction, SBN. BSKNN, space-charge field, beam coupling. 

I. Introduction 
Beam fanning1 is a well-known photorefractive phe- 

nomenon in which light from a laser is scattered asym- 
metrically as it passes through a high gain crystal.. 
This is a result of the two-beam coupling2 process 
where the input beam interacts with its own scattered 
light, forms a diffraction grating, and couples addition- 
al energy into the scattered light. This weakens the 
transmission in the direction of propagation and pro- 
duces a broad fan of light to one side of the main beam 
as shown in Fig. 1. 

Beam fanning has possible use in optical communi- 
cations? optical limiting: motion detection: and 
plays an auxiliary role in the formation of self-pumped 
phase conjugators6 and double phase conjugate mir- 
r o r ~ . ~  Most of these applications demand both fast 
response and high gain, but few, if any, current materi- 
als are considered able to meet both criteria. We 
report on experiments which show that significant in- 
creases in both speed and gain can be obtained from 
application of an electric field in SBN and BSKNN. 
In addition, these increases were obtained for ordinary 
as well as extraordinary polarized light. An example 
of the enhanced fan is shown in Fig. 2. Note that much 

more light appears in the enhanced fan in just two 
seconds than in the normal (zero-field) fan  after a 
considerably longer time [Fig. l(b) J. 

The electric field which produces the enhanced ef- 
fect could be applied directly or it could be self-gener- 
ated through temperature changes. In fact, three al- - 
ternate techniques were used to produce enhanced 
effects: (1) the external field method, (2) the pyro- 
electric method, and (3) the thermal cycle method. In 
Fig. 2 the crystal was prepared using the latter method, 
although similar results were observed by usi. 1 5  '.t P- cf 
the three methods. Each of these methods do i~g  with 
corresponding quantitative results are presented b$- .. 
low. 3 

il. Experimental Apparatus . .. .. . 

For these experiments, the amount of beam fannikg 
was measured by observing the decrease in the - 
straight-through transmission of a laser beam as it . . 
passed through a photorefractive crystal. A? seen in 
Fig. 3, radiation from either a He-Cd laser (442 nm) or 
a He-Ne laser (633 nm) was directed normally to the 
(100) face of the crystal which was housed in a tem- . 
perature controlled oven. The power at the crystal 
from each laser was -5 mW in a TEMoo mode and the 
spot size was -1.8 mm in diameter. After leaving the 
crystal, the on-axis radiation passed through an aper- . 
ture (-3-mm diameter) and the decrease in t-ansmii- 
sion was measured by use of a silicon diode detector. 
For visual observation the aperture ar.J dn+ottor 3.11~r4 - 

htn.Lar Newwonk= is with Rockwell International Science replaced by a and the transmitted light C 3 i ;  ;;, Center, Thoueand Oaks, California 91360; G. J. Salamo and B. 
Monson are with University of Arkansae, Fayetteville, Arkanclas photographed or recorded with a video carnerd. Al- 
72701; and the other authors are with CECOM Center for Night though enhanced were for many 
Vision & Electro-Optics, Fort Belvoir, Virginia 22060-5677. our SBN and BSKNN crystals, most of the curves and 
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Double phase conjugation in tungsten bronze crystals 

Edward J. Sharp, William W. Clark Ill, Mary J. Miller, Gary L. Wood, Brian Monson, Gregory J. Salamo, 
and Ratnakar R. Neurgaonkar 

In this paper we report a new method for double phase conjugation particularly suited to the tungsten bronze 
crystal strontium barium niobate. It has also been observed to produce conjugate waves in BaTi03 and 
BSKNN. This new arrangement is called the bridge conjugator because the two beams enter opposiilg (1001 
crystal faces and fan together to form a bridge without reflection off a crystal face. Our 1 ~ '  :,. L !: -I sot.: . 
indicate that the bridge conjugator is competitive with previously reported double phase conjugate n . i r ~ ~ r s  In 
reflectivity, response time, ease of alignment, and fidelity. 

I. Introduction 
New photorefractive materials have been the sub- 

ject of intense research over the last few years. The 
motivation is provided, by the unique ability of these 
materials to display hlgh optical nonlinearities with 
milliwatt power outputs. This makes them good can- 
didates for the fields of holography, optical processing, 
and nonlinear optics. 

One application for photorefractive crystals is the 
production of the phase conjugate replica of an inci- 
dent optical wave. The earliest method for producing 
a conjugate wave in a photorefractive crystal was by a 
four-wave mixing process where two of the optical 
waves called pumping beams were externally sup- 
plied.' These two beams were mixed in the crystal 
with a third beam, the optical wave to be conjugated, 
and together they produced the phase conjugated sig- 
nal wave. An early simplification of this technique 
avoided the use of externally supplied pumping beams 
by using mirrors to generate the pumping beams from 
the input wave.2 Later, the mirrors themselves were 
replaced by reflections off the crystal walls. In this 
"self-pumped phase conjugate mirror"3 no external 
pumping beams or mirrors were required, a single laser 
beam was directed into the crystal and a phase conju- 
gate replica was automatically reflected. The latest 
development has been the "double phase conjugate 
mirror" (DPCM)4 where the photorefractive material 
acts as a conjugate mirror for two incoming waves 
simultaneously. DPCMs require no external pump- 
ing beams and the two incident beams need not be 
coherent with each other. 

II. Description of Experiment 
In this paper, we report a new method for double 

phase conjugation which is particularly suited to the 
tungsten bronze crystal strontium barium niobate 
(SBN) and which has also been observed in BaTi03 
and BSKNN. The geometry for this new DPCM is 
shown in the photographs of Fig. 1. The c-wis is. 
directed from bottom to top in these photograplls and 
the beams enter opposing [loo] crystal faces with 
wave-vector components in the +c-direction. In Fig. 
l(a) the two beams are crossing in the crystal at a time t 
= 0. After the conjugates have appeared the beams 
overlap each other as shown in Fig. l(b). kv.. A- s: tb.: 
two beams bridge together in the crystal withop: re- 
flecting off a crystal face, this arrangement is called a 
"bridge conjugator." 

To describe the operation of this new double phase . 
conjugator, it will be useful to review a basic phenome- 
non that occurs when a laser beam propagates through 
a photorefractive material. This phenomeiion is 
called "beam fanning."5 When the laser beam passes 
through the crystal, light is scattered due to crystal 
imperfections. The scattered light, though woak in 
intensity when compared to the incident beam, can 
cross and interfere with the incident beam, eventually 
creating a weak index modulation grating by photore- 
fractive charge transfer and the Pockel effect. This 
initially weak grating, however, causes asym,netric 
(relative to the c-axis) energy transfer6 to the scattered 
light from the more intense incident beam. This pro- 
cess is governed by the coupled Maxwell equations 
described in Ref. 7 and depends on the polarization of 
the incident beams in conjunction with trli . : . :: :op. 
tic coefficients. As the scattered light builds ir / ~r,cen- ' 

sity it may also result in secondary scattered beams 
Ratnakar Neurgaonkar is with Rockwell International Science which form additional gratings. This process rontin- 
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We report the observation of self-pumped phase conjugation by means of internal reflection in a photorefractive 
medium produced by a series of intense nanosecond pulses. Nanosecond pulses from a YAG laser ranging in 
intensity from 9 X lo4 to 9 X 105 W/cm2 were used. The crystal was rhodium-doped strontium barium niobate. 
The conjugate signal began with the first pulse, and the time to reach 63% of its equilibrium value scaled as I+. The 
equilibrium reflectivity was 29%. A similar cw experiment with the 514-nm tine of an argon laser produced a 
response time that scaled as I-l.l. 

Self-pumped phase conjugation1 occurs in many dif- 
ferent photorefractive crystals using milliwatt-level 
cw lasers. In this process, extraordinarily polarized 
light brought into a crystal scatters asymmetrically. 
Some of this scattered light internally reflects from 
the corner and forms a loop similar to that shown in 
Fig. 1. The light in this loop undergoes four-wave 
mixing with the input beam and generates its phase 
conjugate. A phase conjugate can form in a few sec- 
onds with a low-power cw beam. Since previous stud- 
ies have shown that the response time varies inversely 
with intensity, the higher intensity available from 
pulsed lasers should greatly reduce this response time. 
Phase conjugation with nanosecond pulses using three 
input beams in BaTiOs has been r ep~r t ed .~  Self- 
pumped phase conjugation with short pulses has been 
previously demonstrated by several groups for use as 
phase-conjugate mirrors in dye  laser^.^-^ The previ- 
ous researchers did not measure the response time as a 
function of input intensity or show that conjugation 
begins during the first pulse. We also find that the 
time response is different from the cw response for the 
same crystal. 

The crystal used in our experiments is a 6.3 rnm X 
5.9 mm X 6.2 mm piece of rhodium-doped strontium 
barium niobate (SBN:60) grown a t  the Rockwell Sci- 
ence Center. The c axis is parallel to the 6.3-mm side. 
I t  was poled to a single domain, and the charge carriers 
were found to be negative. 

beam-profiling system. A fraction of the YAG beam 
was picked off with a wedge and sent to a calibrated 
detector to monitor the energy at  the crystal. The 
conjugate return was also sampled with a wedge and 
sent to a second detector. The outputs of both detec- 
tors were then digitized and sent to a computer for 
storage and analysis. Extraordinary light was used to 
produce a conjugate beam. Between runs, the polar- 
ization of the argon laser was rotated to ordinary, and 
the beam was expanded to illuminate the crystal uni- 
formly and erase the gratings. 

The output beams of an air-cooled argon-ion laser Fig. 1. Photograph of the characteristic loop of light found 'perating at 514 nm and a Q-switched, frequency- in the crystal while it was self-pumping after a series of 15- Nd:YAG laser were combined at a beam nsec pulses had driven the conjugate to its steady state. The 
ter and made to be collinear. The YAG laser had a photograph was made with the light of a single pulse. The 
pulse width of 15 nsec FWHM and a repetition rate of laser beam enters the crystal from the right edge at an angle 
10 Hz. Both lasers operated in a TEMoo mode and of --40° below the normal. The c axis is directed from top to 
had a llez diameter of 2.3 mm as measured with a bottom. 
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Electron impact excitatlon of the state of atomlc oxygen 
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The 157.6 nm output from a fluorine excimer laser is focused in a vacuum chamber containing 
0, gas at a pressure of 20 mTorr. Lastr p h o t d i i a t i o n  of the 0, target gas produces 
2p4(lP) and 2p4('D) oxygen atoms with unit quantum efficiency. A lowcnergy electron beam 
is crossed with the lascr beam to produce 3p('P) excited states of 0 1  via electron impact 
excitation of the Zp4('P) ground state. Intensity measurements of the 777.4 nm radiation. 
corresponding to the 3p('P)-3s('S) transition, arc used to calculate the excitation cross 
s t i o n  of the 3p('P) state of atomic oxygen. Absolute optical cross sections are reported for a 
range of incident electron energies less than 18 eV. 

INTRODUCTION 
Because of its prominence as an excitation mechanism 

for the aeronomically important states of atomic oxygen 
(OI), electron impact excitation has been of continuing in- 
terest to atmospheric researchers. The present experiment 
reflects this interest and the continuing need for additional 
electron excitation cross section data. It is based on the pre- 
vious work of Germany etal .  ' in which (i) vacuum ultravio- 
let photodissociation of 0, was used to produce the O( ID) 
state and (ii) time-resolved analysis of the resulting 
2p4( ID)-2p4('P) transition at 630.0 nm yielded its colli- 
sional deactivation cross section. Here, the WV photodis- 
sociation technique is used to produce the 2p4( ID) metasta- 
ble state as well as the 2p4('P) ground state which is 
subsequently excited by low-energy electron excitation to 
produce a 3p('P) atomic oxygen gas sample (Fig. 1). 

The O('P) sample is monitored to determine the optical 
cross section for the emission of the 777.4 nm radiation cor- 
responding to the 3p('P)-3s('S) transition of atomic oxy- 
gen. In addition, the radiative decay of the metastable 
O( ID) state is detected as a monitor of the atomic density of 
the O('P) ground state target sample. Using this twa-step 
photon-dissociation, electron-excitation technique, absolute 
values of the 777.4 nm optical cross sections for atomic oxy- 
gen are determined. Although Doering et recently per- 
formed an energy-loss measurement of the 3p('P) excitation 
cross section for 30 eV incident electrons, the 777.4 n p  opti- 
cal data reported here is believed to be the first measurement 
of the excitation function for this important transition. 

TECHNIQUE 

Apparatus 
The present apparatus (Fig. 2) utilizes a fluorine ex- 

cimer laser ( 157.6 nm; 2 mJ peak; 10 Hz) to excite the parent 
oxygen molecule, with unit quantum efliciency? to a disso- 
ciative state (B '2; that results in the ground 2p4( 'P) and 
metastable 2p4('D) s t a b  of atomic oxygen. Because the 
photoabsorption process provides urcesa energy beyond that 
needed for the production of O( 'D) and O('P), each of the 
products share 0.8 eV of kinetic energy4 (corresponding to a 
velocity of about 2X 10' cm/s). Because timbnsolvcd w- 

perimental measurements indicated that significant field-of- 
dew signal losses occur in the present optical measurements 
>3 ps  &r the exciting laser pulse, the experiment is per- 
formed within 1.5 p s  after the incident laser pulse. There- 
fore, field-of-view loses are not significant. 

Due to high molecular oxygen absorption of the laser 
VUV radiation at atmospheric pressures, the laser output is 
coupled to the collision chamber via a fli;:.?:- %be t!iraiig> 
which helium is flowed. In addition to the VLJV err-is ,rott.q, 

the laser also produces visible fluorescent emissions which 
are discriminated against by a series of optical stops, aper- 
tures, and light traps. 

The experiment is housed in a stainless steel high-vah- 
urn collision chamber pumped by two liquid-nitrogen- 
trapped diffusion pllmps. A calibrated leak valvq is used,fo 

FIG. 1. Atomic oxygen energy dirgun. Three manifolds of states.& 
fonned fnno the ground and excited state c o ~ m t i o n s .  Prn~slion cross 
secrionr for the 777.4 am muition arc reported. 
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Self-pumped phase conjugation in the red in photorefractive 
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Self-pumped phase conjugation has been observed at selected laser wavelengths over the range 647-780 nm. Phase- 
conjugate reflectivities as great as 20% were measured for power levels ranging from 2 to 100 mW. In addition, 
phase-conjugate and beam-fanning response times were also measured. Our observations were carried out in 
crystals belonging to the tungsten-bronze family; these crystals were doped with cerium at the 9-fold coordinated 
lattice sites to give a red photorefractive response. 

INTRODUCTION For an undoped SBN crystal, the 12- and 15-fold sites are 

We report the first observation of self-pumping1 in barium 
strontium potassium sodium niobate (BSKNN) and stron- 
tium barium sodiuin niobate (SBN) with cerium in 9-fold 
coordinated sites.2 The advantage of this dopant site is an 
increase in the photorefractive effect at  longer wavelengths; 
the observations reported here were carried out a t  selected 
laser lines between 647 and 780 nm. Phase-conjugate re- 
flectivities as great as 20% were observed, although no at- 
tempt a t  optimization was made. In addition, phase-conju- 
gate formation times and beam-fanning response times were 
recorded. 

This work extends the wavelength range over which self- 
pumping can be observed in BSKNN and SBN. In previous 
experiments using crystals with Ce in 12-fold coordinated 
sites, self-pumping could only be weakly observed in the red 
at  633 nm.3-5 Our current observations exemplify an inter- 
esting and useful feature of tungsten-bronze crystals, i.e., 
the spectral response of these crystals can be significantly 
altered by changing the site preference of the Ce ion. 

CRYSTAL PROPERTIES 

Tungsten-bronze oxidesQave a.composition that is repre- 
sented by either of the general formulas ( A ~ ) ~ ( A Z ) Z B ~ O O ~ O  or 
(A1)4(A2)2C4B10030r in which A], Az, C, and B are 15-, 12-, 9-, 
and 6-fold coordinated sites, respectively. The tetragonal 
bronze structure is shown in Fig. 1 as a projection onto the 
(001) plane.'~s The sites A], A2, C, and B are shown from a 
perspective perpendicular to the (001) direction in Fig. 2. 

occupied by Ba2+ and Sr2+, whereas in BSKNN these sites 
are occupied by Ba2+, Sr2+, K+, and Na+. For both materi- 
als the 6-fold sites are occupied by Nb5+, whereas the 9-fold 
sites are generally empty. When doping the tungsten- 
bronze crystals with Ce or other rare-earth ions, the dopant 
ion is found to have a preference for the 12-fold sites. How- 
ever, one of the inherent flexibilities of the tungsten-bronze 
structure is that the dopant ion can also be forced into either 
the 9- or 6-fold sites. As a result of the choice offered 
between these three sites, the material properties can be 
intentionally changed. 

The site location of the impurity ion is distinctly identi- 
fied by the color of the crystal. When the Ce ions are located 
in the 12-fold coordinated sites, the crystals are pink in color 
and have a broadband absorption spectrum ranging from 0.6 
pm to the band edge, which is near 0.4 pm. On the other 
hand, when Ce is forced into the %fold coordinated sites, the 
color is greenish yellow and has an absorption profile that 
extends into the near infrared. The transmission spectra of 
our SBN crystals with Ce in the 12- and 9-fold coordinated 
sites are shown in Fig. 3. For comparison, the transmission 
spectrum of an undoped SBN sample is also shown in Fig. 3. 
The undoped sample lacked any noticeable color. For this 
work on SBN and BSKNN, Ce is in the 9-fold coordinated 
sites, making the observed photorefractive response in the 
red possible. 

The growth of Ce-doped tungsten-bronze crystals used in 
these experiments is discussed in recent review paper~.~JO 
These crystals exist on a SrNb206-BaNb206-KNb03- 
NaNbO3 quaternary system and are labeled SBN:60 and 
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Broadband Photorefractive Properties and S c! i 1 
Pumped Phase Conjugation in Ce-SBN : 60 . 

GARY L. WOOD, WILLIAM W. CLARK 111, MARY I. MILLER, MEMBm, IEEE, EDWARD J .  SH,'\RP: 
GREGORY J .  SALAUO, AND RATNAKAR R. NEURGAONKAR 

Abx&af-The Arsf nsc ofr~rium-doped .Sr,..Rq,NbtOh as o broPB- 
h a d  df-pumped pban-canjugaie mkror d w  intwnnl r t f h b n  b 
reported. The pka?re-mnjugate d r t i v i t p  st w m n l  Incidence ranged 
kern tm plrrnt at 542 10 m e n  percent st 115 m a d  was xrro 
PI 633 nm. The electran-hde mpccitinn was twad tu hc a@iBatn; 
.od hsd a wavtlength depmduw in ane nmpk but not tbe ether. The 
charge eurlPr densit) *as - 7 x la' an-' a d  w u  uot.elcagtb In- 
dependent. The obsurplbn ccadk.ka11 ranged f m  2 em-' at Llw 
h r t e r  the wsrdtagtb to reto U h g e f  wsvclutgtlih Thr diqurdoa 
is the $#Lrxts of refmclbu was mewred red the birefringence was 
- 8.936. Thr dgn of the dominanr cinrge carricn wag deterdned to 
be n w i v e  ied the s i p  otrltc ekctragpk roel&ht, r ~ .  was ~ U i v e .  
U s i q  t8c obovc values, u wavtlcngth dcpeadtat rauplbg ccdkkRt  
k h n  determined. f bt t x p e r i m m l  results tadiolre that lhe phse- 
eoajugew &tfri(j decresses at shcwttr aurehgthr duo to increased 
ubsorplve Iww and exprrknrar a tbresbold dl& af hger wave- 
I c a e t k  

T HE ferroelectric crystal Sr0 6Bao 4Nb200 (SBN : 60) 
bekongs to the tungsten-bronze structural family and 

has received considenble attention recently due to its at- 
tractiveness for electmoptic, photorefractive, pymlec- 
tric, and millimeter wave applications [I]-131. It was 
shown to be an efficient two-beam mixing material by 
Megumi ct al. [4] after the introduction of Ce-ions as im- 
purity dopants. The tirst use of u+d SBN: 60 as a 
photorefractive four-wave mixing medium employed ex- 
ternal pumping beams and resulled in phase-conjugate re 
flectivities exceeding unity [Sj. This we3 quickly fol- 
lowed by a dernonstrauon of pssivc phase conjugation in 
undoped SBN: 60 based on self-induced oscillation in an 
optical ring cavity (61. The first use of SBN :60 as a self- 
pumped phase-conjugate mirror (SPPCM) requiring no 
external mirrors or pumping beams, yielded phase-con- 
jugate etlectivities of 60 percent in undoped crystills iintl 
30 percent in Ce-doped crystab at 442 nm 171. To date 
only ihret crystals have demonstrated self-pumped phase 
conjugation: BnTiO, [S], SBN 171, (91, and BSKNN [lo]. 

In this paper. we present wr experimental data char- 
acterizing Ce-doped SBN : 60 as a broadband photorehc- 
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tive material. Specifically, we den~onstratc for thc first 
thle self-pumped phase conjugation in thl-? blk~rerml over 
a b m d  spectral range in the vislble. We h.,tr dcrre~m~nrd 
the charge can-ier dcnuity, the electron-hole comwtitlcrn. 
and the gain coupl~ng coefficient thmugh two-be.t~n cou- 
pling measurements at 488 om and 633 nlil In  add~t~un. 
we havc measurnti the refractme indexes. !?e abwrptton 
coefficient. and the poling factor. B) taking the dispersjon 
of these measured parameters into *.?--\:?*. :vc p~rivirtp a 
calculation of the wavelength depender~ce .! I t,r c, ,I;)" r 
coefficient and explain the relationship (r' ahsorptrun to 
self-pumped phase conjugation. 

GROWTH OF DOPED SBN : 60 SISGI.~ CRY? I ALS, 

A compreficnsive rcview of the status of growtfiand 
applications of the tungsten-bronze fam~iy crystals, with 
emphasis on the Sfl -,BarNb,06 sotld-solution system, 
can be found In the paper and rcfc~nces ttieretn by Neur- 
gaonkar und Cory [ I  11. Of particular lrltcr ~r in this class 
of matends is SBN:60 slncc ~t is the ctlrly conyruent 
melting composition in the SrN&Ob-BaNf+O, s'ysrern 
(121. Concentrated crystal gmwth eWvrts ~ - n  this CQnlpo- 

sition have multed in good opticaf-quality rioped ahd un- 
doped crystals. Boules as large as 2 to 7.5 cm rn d.la'meter 
are now routinely grown and allow the fabrication of pho- 
torefractive crystal cubes approaching 2 cm on a side isel 
Fig. 1). I '  

These large optical-quality crystals of txlth CS-doped 
and undoped SBN:60 have been p. ,, 1 5  :u-- - -s t iny a .  

the problems associated with coring and st:tai:on I'"i ,J- 

dition of cerium produces a broadband nbsorpc~on in  the 
visible which enhances the photorcfncti\:; eticct clonqid- 
erably in this crystal 143, 1131. [n the tungsten-bmhze 
structure, ce5' and Ce4' ions are expected to occupq 9- 
nnd 12-fold sites. u~hile ~ e "  and ~ e '  ' io~is are expected 
to occupy 6-fold coordinated sites. To dalc. attrrnpts to 
suppress striations in Fe-doped SBN : 60 have been un- 
successful. This suggests that the existence of c:natlm 
in SBN: M) crystals depends strongly oa the rypc of dc* 
pant and its location in the structure [ I  !! Tdhle :t aurn- 
marizcs thc growth conditions and typical physical p p p  . , 
erties of Ce-doped and undo@ SBN : 60 cn \ la l x . '  

For our photorefractive and SPPCM scl~:l~es. high a p  
tical-quality SRN : 60 samples, bo th  unduped and nornl- 
nally-doped with cerium, were cut from J~tTerc~t~ bnuies. 
optically polished, and poled to a single jo~nrt~~i In ail. 
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Self-pumping in cerium-doped strontium barium niobate has been observed with phme-conjugate reflectivities 
near 6% and a formation time of Bsec for a 200-mW/cmz beam at 442 nm. The time response for asymmetrical self- 
defocusing was also memured, and the observed transmissions through the crystal at normal incidence were limited 
to about 1.5% of the incident radiation. 

A great deal of attention has been given to self- 
pumped photorefractive phase-conjugate mirrors for a 
wide variety of appli~ations.'~ These mirrors exhibit 
a number of attractive features, including high reflec- 
tivity, a modest wavelength range of operation, and 
only milliwatt beam-power requirements for start-up. 
Self-pumped phase conjugation;" as reported here, op- 
erates on internal reflection and is completely self- 
contained, requiring no external mirrors: pumping 
beams! or applied electric fielda. The only lmown 
demonstrations of eelf-pumping using internal reflec- 
tion have been in BaTi03?*7 undoped and cerium- 
doped strontium barium niobate (SBN)? and cerium- 
doped barium strontium potaseium niobate (BSKNN).IQ 

In thie Letter we report on self-pumped phase con- 
jugation in a single crystal of cerium-doped 
Sr,Bal,NbzO,j, x = 0.75 (SBN:7S). The addition of 
cerium produces a broad absorption in the visible, 
which enhances the photorefractive effect coneidera- 
bly in this crystaLHJ2 The 0.05 wt. 96 cerium-doped 
SBN:75 crystal used in this etudy was an approximate- 
ly 5 mm X 5 mm X 5 mm cube, poled at 8 kV/cm at a 
temperature well above the Curie temperature of 
560C.13 SBN:75 ie tetragonal, has a 4-mm point group 
symmetry, and possesses a strong transverse electro- 
optic coefficient, r s  as do other SBN compositions. 
By contrast, BSKNN and BaTiO3 exhibit a strong 
longitudinal electro-optic coefficient, r51. The phase- 
conjugate reflectivity of SBN:75 measured at 442 nm 
is similar to that previously reported for BaTi03? 
BSKNN,1° and SBN:60.8s In addition to the behav- 
ior of SBN:75 a~ a self-pumped phaae-conjugate mir- 
ror, we also report on the time required for the onset of 
the phase-conjugate beam14J5 and the time needed to 
deamplify the beam through asymmetrical self-defo- 
cueing (beam fanr~ing).&'~J~ These characteristic 
times were measured as a function of the pump inten- 
sity for a k e d  spot size. 

The phase-conjugate reflectivity and response-time 

measurements were recorded using the exp~?riaental 
arrangement depicted in Fig. 1. A He-Cd lwer pro- 
vided an extraordinary polarized beam at 442 nm. 
The incident beam was 2.5 mW, with a l l e2  beam 
diameter of 1.8 mm at the crystal. Neutral-density 
filters (ND's) were used to vary the input intensity of 
the beam from 200 mW/cm2 to a few milliwatts per 
square centimeter. The beam was incident upon the 
crystal at an angle of fl = -50° to the normal of the c 
axis, so that it was directed toward a crystal corner 
where retroreflection provided feedback for the fouf- 
wave mixing process and the subsequent phase-conju- 
gate beam buildup. The phase-conjugate beam inten- 
sity was determined as a function of time at detector 
D l  (see Fig. 2). AB can be seen from the data, the 
temporal buildup of the phase-conjugate intensity for 
the self-pumping configuration is nonexposential, as 
would be expected of a phenomenon that is a stimulat- 

Fig. 1. Diagram of the experimental apparatus used to 
measure the phnse-conjugate reflectivity nnd characteristic 
response times of the cerium-doped SBN:75 crystal. P, 
polariuer; L1, L2, lenses. 
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BSKNN as a self-pumped phase conjugator 

Juan Rodriguez, Azad Siahmakoun, Gregory Salamo, Mary J. Miller, William W. Clark Ill, Gary L. Wood, 
Edward J. Sharp, and Ratnakar R. Neurgaonkar 

Self-pumping has been observed in a cerium-doped Baz,Sr,K~-yNayNbaO15 (BSKNN) crystal at four argon- 
ion laser wavelengths. Phase-conjugate reflectivities as high as 30% were measured with response times 
inversely proportional tb the 0.5 power of the input intensity. The response time for beam fanning in the 
crystal was determined to be inversely proportional to the 0.82 power of the input intensity. 

Many different nonlinear phenomena and tech- 
niques have been used to produce phase-conjugate 
beams.' Until recently, however, only barium tita- 
nate2s3 (BaTi03) and Ce-doped strontium barium nio- 
bate4 (SBN) have been successfully demonstrated as 
broadband self-pumped phase-conjugate mirrors us- 
ing milliwatt beams. Self-pumped phase conjugation, 
as reported here, is completely self-contained and re- 
quires no external  mirror^,^^^ pumping beams? or ap- 
plied electric fields. In our experiments, the incident 
beam is directed into a crystal corner via asymmetrical 
self-defocusin$ where retroreflection provides the 
pump beams for the four-wave mixing process and the 
subsequent phase conjugate build-up. 

Currently, both BaTi03 and SBN crystals are lead- 
ing candidates for applications in many areas, includ- 
ing electrooptics, photorefraction, and millimeter 
waves. Both of the above crystals are tetragonal a t  
room temperature with a 4-mm point group symmetry; 
however, BaTiOB exhibits a strong longitudinal elec- 
trooptic coefficient (~51) while tungsten-bronze 
SBN:60 exhibits a strong transverse electrooptic coef- 
ficient (r3& At this point in time, the use of BaTi03 is 
somewhat limited due to the extreme difficulty in 
growing doped crystals of adequate size and quality for 
a number of applications. For this reason, Neurgaon- 

Ratnakar Neurgaonkar is with Rockwell International Science 
Center, Thousand Oaks, California 91360; J. Rodriguez, A. Siahma- 
koun, and G. Salamo are with University of Arkansas, Physics De- 
partment, Fayetteville, Arkansas 72701; the other authors are with 
Center for Night Vision and Electro-Optics, Fort Belvoir, Virginia 
22060-5677. 
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kar et al. introduced the tungsten-bronze Baz,Sr;- 
K1,NayNb5Ol5(BSKNN) solid solution systems and 
has since grown optical quality, twin-free, doped and 
undoped BSKNN crystals. 

Specifically, Bal.sSro.5Ko.75Nao.zsNb5015 (BSKNN- 
1) and Bao,5Srl.5Ko.sNao.5Nb5015 (BSKNN-2) have 
been grown using an automatic, diameter-controlled 
Czochralski pulling technique. The growth of 
BSKNN-1 crystals is much more difficult than that of 
BSKNN-2 which indicates that BSKNN-2 Is closer to 
the congruent melting composition in r .  ..., ,c l:d Y O ~ U -  
tion system. These crystals resemble both si3iq a: 3 
BaTi03 in many respects, i.e., point group symmetry, 
optical properties, and ferroelectric properties. The 
electrooptic effect in BSKNN-2 is strongly longitudi- 
nal as in BaTi03. 

In this paper we confine our photorefraciive phase 
conjugation experiments to the BSKNN-2 composi- 
tion. BSKNN-2 is characterized by a sharp anomaly 
in the polar-axis dielectric constant at the ferroelectric 
phase-transition temperature occurring between I70 
and 178OC. The room temperature dielectric con- 
stants, €11 = 170 and c, = 750, have been megsured for 
poled samples at  10 For crystals poled tp a 
single ferroelectric domain, the dielectric d ispe~sion 
has been found to be minimal over the range of 100 & .  
to 100 kHz.g - 17 

The sign of the electrooptic coefficient, r33, has beqn 
determined to be positive by use of a calibrated c m -  
pensator. This fact, coupled with the observation that 
extraordinary light fans toward the elec:.-,J.. ; ,dd n;iq- 

. 
itive during poling, gives a negative sign for the photc. 
refractive charge carriers, as similarly found in SBN. 
By comparison, the charge carriers in BaTiOs are posi- 
tive and extraordinary light fans toward the negativ,e. 
poling electrode.1° The transmission spectra for our 
BSKNN-2 samples, both doped and undoped, are 
shown in Fig. 1, curves a and b, respectively, 
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1252 Spectral Characteristics of Optically Stimulable 
RIgS:Eu,Sm Phospllor: V. K. Mathur* and R. J. Abbundi. 

Naval Surface Weapons Center. Silver Spring, MD 20003-5000 and 
M. Hill and J. J. Brown, Dept. of Materials Engineering. Virginia 
Polytechnic Institute and Stnte IJniversity. Blacksburp, VA 24061 

Optically stimulable MgS:Eu.Sm phosphors have been synthe- 
sized lPo~n magnesium sulfate by CS, reduction in the presence of 
argon. The absorption spectrum of this phosphor consists ofan ab- 
sorption edge at about 200 nm and two absorption bands near 320 
and 421) nm. The emission under UV excitation (250-280 nm) con- 
sists mainly of two sharp bands at 570 and 607 nm. However, the 
err.:- :on spectrum changes as the excitation is moved to longer 
wave~c.igths. 

1?U Dynamic Aspects of Electrochromism in Ls-diphthaio- 
c y a n l ~ ~ e  Films: K. Aouama,' H. Tsuda, J. Hanna, and H. 

Kokado, Tokyo Institute of Technology. 4259, Nagatsuta-cho. 
Midori-ltu. Yokohama. Kanagawa 227. Japan 

A solid electrochromic cell cqnsisting of Lu-diphthlocyanine 
and PbF, (solid electrolyte) exliib~ted essentially the same charac- 
teristics to the solution cell. The dynamics of the reaction were in- 
vestiaated mainly with a solution cell. The transient current at the 
coloi'lng process was examined as functions of the anion concen- 
tlation, the thickness and the history of electrochromic layer. The 
current seemed to reflect the speed of movement of the greenlred 
interface where Lhe electrochrom~c reaction is taking place. 

1254 Dlrect Current Elcatrochemtluminescence of Ru(bpyba+: 
R. Igaraslti,* Y. Nosaka. H. Miyama, M. Kat~eko, and M. 

Yokoyaaa, Dept. of Chem~stry. Technological University of 
Nagaoka, Kam~tomioka 1603-1, Nagaoka 840-21, Japan 

Direct current (dc) electrochemiluminescence (ECL) of 
tris(2,2'-bipyridine)ruthenium(II) [R~(bpy)~'+] was observed in ace- 
tonitrile solution by using A1 working electrode (W.E.) at negative 
~otential. The dc ECL seems to originate fiom the excited state of 
ku(bpy),'*. Characteristics of the luhinescence were as follows: (i) 
the luminescence continues for several hours. (ii) resoonse time of 
the luminescence %faster than that of alternating cun'ent lumines- 
cence, and (iii) the luminescence spreads all over the W.E. 

1255 Excitonic and Edge Emlssions in  MOCVD Homoepitax- 
laliy Grown ZnS Crystalline Films:, A. Sawada, Y. 

Kawakami, K. Kurisu, T. Taguchi,* and A. Himka, Dept, of Electri- 
cal Engineering, Faculty of Engineering, Osaka Un~vers~ty, Suita, 
Osaka 565, Japan 

ZnS filmti have successh~lly been grown on (100) ZnS single 
crystalline substrates at 400°C using low-pressure MOCVD. We de- 
scribethe origins of the excitonic lines, (Da,.X) and (A",X), and edge 
emlsslon bands in MOCVD homoepitax~ally grown ZnS films 
using a He-Cd (325 nm) laser and luminescence excitation spectros- 
copy. It is pointed out that the extrinsic impurities (Na and I) and 
native defects involved can evaluate, as well as the sharp exciton 
and well-known edge emission features found in other 11-VI com- 
pounds. 

LUMINESCENCE AND DISPLAY MATERlALSlDlELECTRlCS AND 
INSULATION 

Materials for Fabrication Techniques far Storage Displays 

1256 Soild-State Tl~ermoelectrochromic Dlsplay: S. Pantaloni, 
S. Passerini, and B. Scrosati.' Dipartimento di Chimica. 

Universila di Roma "La Sapienza." Roma 00185, Italy 
A solid-state electrochromic display has been realized by 

placing into contact a lithium foil, a thin layer of a polymer electro- 
lyte and a WO, film supported on a ITO-coated glass sup ort. The 
response of the display is critically affected by the markegthermal 
dependence of the conductivity of the electrolyte. This can be con- 
veniently exploited for the realization of devices directed to 
spec~fic applications, such as electrochrom~c displays wlth optical 
rnernory. thermoelectrochromic displays. and optoelectrochromic. 
displays. 

1257 Electrochromlc Properties of Two Complexes in Erbium 
Phthalocyanine Compound: H. Yamatnoto. Y. Ikuta. T. 

Hirolu, M. Tunaka.' K. Yamada. S. Yamaguclri, K. lida, and H. 
Yui. College of Scienceand Technology, Nihon University. Nara- 
s h ~ n o d a ~  7-24-1. Funabast~l-shi, Chiba 274. Japan 

Elcctrochromlc color changes and Ilfe hive been ~nvestigated 
In sol~d type of cells uslng different two complex films In erbium- 
phthalocyanine compound. Crude compounds were extracted into 
two complexes by soxlet method with toluene and methanol. The 
filrn prepared from purified Er-diphthalocyanine complex gave the 
lor~g-life andlor stable electrochromic color changes. On the con- 
trary, the  cell using another complex film showed inferior elec- 
lrc~chromlc properties. 

LUMINESCENCE AND DISPLAY MATERlALSlENERGY 
TECHNOLOGY 

Optical Imoging: I R  Light Sources, Detectars, and Imaging Techniques 

1256 Exprl.imentul hlethods for Optical Characterization of 
hlnterialu: W. M. Y ~ I I . '  Ilept. of Physics and Astronomy. 

Ttie Ur i~vc . r : i~ ty  orC;core~:i. Athens. C A  30802 
Wr: r~~c::;erit a Iiriel'tutcir~;tl review ol'spectroscopic techn~qucs 

1 t 7 : t t  ~ r r !  corntl~(~ttly ' I~IIILCO 111 c J ~ J I . ~ I c ~ ( ~ I . ~ z ~  the optical propert~es of 
vnaLerlals Illat llrld use 111 varlous opto-electronic applications. We 

discuss conventional methods, but place emphasis on experimen- 
tal procedures that have evolved recently and that are. for the most 
part, based on various laser devices. Illustrative examples of these 
latter measurements are presented. (This work was supported in 
part by the National Science Foundation under DMR-8704486.) 

1259 Characterization of Infrared Materials and Devices by 
Modulation Spectroscopy: F. H. Pollak, Physics Dept.. 

Brooklvn Collene. Brooklvn. NY 11210 
 he use of iodulation spectroscopy, particularly electrornodu- 

lation. to characterize infrared materials such as HgCdTe(and re- 
lated semico~iductors) is reviewed. ElectrornodulaUon yields the 
sharpest structure, related to the third derivative of the optical con- 
stants. and is sensitive to surface (interface) electr~c fields. Informa- 
tion about &stal quality, process-inducd effects, surface (inter- 
face) electric fields, etc. (including topographical scans and depth 
profiling) can be obtained fiom the deta~ls of the l~neshape and 16 
iesponse to applied electric fields. 

1260 Metal-GaAs Chemistry: Use of Experiments to Under- 
stand Reactions and Thelr Consequenc,es: W. E. Spicer.* 

N. Newman, 2. Liljental-Weber, E. Weber. J. Pallm, and C. Becker, 
Stanford Electronics Laboratories, Stanford University;Stanford, 
CA 84305 

Semiconductor metal reactions change electrical properties . 
and location of contncts. PES, TEM. I-V. SALI, and AES develop 
atomic level understanding. Au on GaAs is discussed in detail. 
Thermodynamics end kinetics must be consistent. Annealing fac- 
tors such as ambient pressure and oxide at interface can dominate. 
Ohmic behavior occurs only at the periphery. Schottky height is re- 
lated to As excess and antisites. Results are extended to other met- 
als. (This work was supported by DARPA, ONR. AFOSR, and 
DOE.) 

1261 Photorefractive Tungsten Bronze Materials: C.  J. Salamo. 
De t. of Physlcs. Un~vers~ty of Arkansas. Fayettev~lle. AR 

72701, M. .f Miller, W. W. Clark 111, C.  L.,Wood, and E. J. Sharp, 
Center for Night Vis~on and Electro-Optrcs, R. R. Neurgaonkar, 
Rockwell International Science Center. Thousand Oaks. CA 91360 

We discuss the photorefractive properties of the tungsten 
bronze crystal Sr  ,.,. Ba,Nb,On and Ba,.,Sr,.K,-.Na,Nb,O,,. In par- 
ticular, we have characterized six different crystal types and report 
on such characteristics as phase con;ugate reflectivity, response 
time, spectral response, effective density and sign of the charge 
carriers, and magnitude and sign of the electro-optic coefficients. 
In addition, we discuss the unusual crystal lattice flexibility of 
these materials, which should make possible the architecture of 
crystals with adjustable photorefractive behavior. 

1262 Nonlinear 0 tical Materials for Computing and Sensor 
Protection: 3: A. Nejj, Defense Advanced Research Proj- 

ects Agency. Arlington, VA 22209-2308 
Rcceniresear&h results into nonlinear opt~cal  materials have 

raised h o ~ e s  that thta interaction of ootical beams wrth one another 
may soon became a practical reality'and lead to many interesting 
ao~lications. This Daoer describes two a~olication areas that orom- 
i G  to benefit signikcantly fiom these nbniinear interactions': opti- 
cal computing and sensor protection. 

1263 Power Sombining of Semiconductor Lasers: J. Katz. Jet  
Pro u:..an Laboratory, California Institute of Technology, 

Pasadena. 84 31 108 
In recent years there has been significant ~ntcrest in the sub~ect  

of lnonolitliic ohase-locked semiconductor laser arravs. Technical 
devc.!o mentsSn this field are reviewed in the contexi of the more 
gelierarsubject of power combining of semiconductor lasers. Em- 
phasis is placed on the basic theoretical issues and the trade-offs 
involved with the various power combining configurations. 

1264 Imaging CCD Focal Planes: N. Blitzer. Westinghouse Ad- 
vanced Technology Laboratories, Baltimore, MD 21203 

Charge coupled devices (CCD's), since their invention in 1969, 
have become a natural choice for imaging and special signal pro- 
cessing applications. These special benefits are derived because 
CCD's o erate in the charge domain. Operation in a sampled 
analog cRarge domain provides CCD's with excellent dynamic 
range (60 db), high speed and very high packing density. All these 
characteristics when combined with a special architecture have 
made possible the construction of CCD imagers in x-ray, visible, 
and IR spectra. Details ofeach ofthese imagers are detector driven. 
The progress attained to data in each spectrum is reported. 

1265 Progress in Photorefractive Materials for Optlcal Data 
Processing: G. C. Valley. M. B. Klein. D. Rytz. and B. A. 

Wecl~sler, Hughes Research Laboratories. Malibu. CA 90265 
Few of the photorefractive ma'terials with large electro-optic 

coefficients, such as BaTiO,. KNbO:,, and the tungsten bronzes, op- 
erate at the quantum limlt for photorefractlve sensitivity. Since 
quantum-limited materials are needed for applications in optical 
data processing and spatial light modulation, much recent effort 
has been devoted to growth and modification of these materials in 
order to approach this limit. We review this work and the physical 
limitations 01, the photorefractive effect. 

1266 uantum Architecture of Novel Semlconductors: A. 
&ngo. Solar Energy,Re~earch Institute. Golden. CO 80401 

The way In whlch first-prlnclples electronic structure theory of 
solids has been recently used to predict and characterize novel 
classes of  semiconductor^ whose bandgaps span a full range: from 
IR to ~liotovoltaic materials is described. The approach on: (i) a 



Self-oscillation in BaTiOB using a multimode laser 

Juan Rodriguez and Gregory Salamo 

The effect of temporal coherence on the phenomena of self-oscillation in photorefractive materials is analyzed 
using multilongitudinal-mode argon-ion and helium-neon lasers. Observations demonstrate that self- 
oscillation is possible when the mirror-crystal separation is large compared to the laser coherence length. 
The observations are shown to agree with predictions based on the recurrence in the temporal coherence of a 
multilongitudinal-mode laser. 

I. Introduction 
We report on the observation of the effect of tempo- 

ral coherence on the phenomena of self-oscillation1 in 
.the photorefractive crystal BaTi03. In particular, we 
have observed self-oscillation even when the mirror- 
crystal separation greatly exceeds the coherence 
length of the laser pump source. For both multimode 
argon-ion and helium-neon lasers self-oscillation was 
observed to reappear at mirror-crystal separations 
corresponding to  recurrences in the temporal coher- 
ence of the pump laser. Such recurrences are indeed 
possible as was first pointed out in a paper by Mandel 
and WolP and by many other authors314 since their 
original publication. 

11. Experimental Apparatus and Observations 
Using BaTi03 as a phase-conjugating mirror we 

have carried out two experiments which demonstrate 
the effect of temporal coherence on the phenomenon of 
self-oscillation. - ~ -  . -~ 

In the first experiment self-oscillation was observed 
using a multimode He-Ne laser and an optical resona- 
tor formed by the conjugate mirror and a normal mir- 
ror3 as shown in Fig. 1. The coherence length of the 5- 
mW He-Ne laser, as determined using an interferom- 
eter, was -5 cm. However, self-oscillation was ob- 
served a t  distances d of -2,38, and 74 cm. In fact, at 
all three positions, self-oscillation was observed over a 
range of -10 cm as would be predicted based on the 

- -  

The authors are with University of Arkansas, Physics Depart- 
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measured coherence length of the He-Ne laser. No 
obvious degradation in the quality of the self-oscilla- 
tion was observed a t  the three different mirror separa- 
tions. Our observations clearly indicated a recurrence 
in the ability of the resonator to sustain self-oscillation 
as the cavity length was increased. Since the He-Ne 
laser cavity length was 36 cm, the period of the recur- 
rence was observed to be equal to the He-Ne cavity 
length. 

In the second experiment a self-pumped oscillator 
was observed using a multimode argon-ion laser4 as 
shown in Fig. 2. In this configuration only one pump 
beam is required. Apparently, the self-generated 
pumping beams5 of the single input beam can be used 
to pump the resonator formed by the phase-conjugate 
mirror and the normal mirror. The coherence length 
of the 200-mW argon-ion laser, also determined by an 
interferometer technique, was -2.5 cm. As in the first 
experiment self-oscillation was observed to reappear 
at special cavity lengths. For the argon laser these 
lengths were a t  -102 and 202 cm. At each position 
oscillation could be maintained over a range of -5 cm 
which was approximately equal t o  the coherence 
length of the laser. Since the argon-ion cavity length 
was 100 cm the recurrences in the observation of self- 
oscillation occurred at a period corresponding to  the 
argon-ion cavity length. Self-oscillation a t  a cavity 
length of -2 cm could not be attempted due to limita- 
tions in the geometry of the apparatus. The observa- 
tion of self-oscillation was made with and without a 
lens in the oscillator. The only difference in behavior 
between the two cases was the higher speed associated 
with the buildup of oscillation when the lens was in the 
cavity and the ease with which the same cavity could be 
aligned. This would be expected since the lens in- 
creases the photon flux required to initiate the cavity 
oscillation and makes the cavity alignment relatively 
insensitive to the orientation of the normal mirror. 
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Bistability and optical switching in a total internal reflection 
phase conjugator 

Juan Rodriguez, Azad Siahmakol~n, and Gregory Salamo 

We report the observation of bistability in a BaTiOa total internal reflection phase conjugator. The system 
makes use of the position of the crystal relative to the input field as the dynamic variable. Switching 
behavior, induced by intensity changes at the input, is also reported. 

The search for an efficient optical transistor1 has 
intensified with the discovery of new nonlinear pro- 
cesses in various materials. Among these, photore- 
fractive materials stand out for their large four-wave 
mixing efficiencie~.~ In this paper we report the ob- 
servation of bistability3 and optical switching in a Ba- 
Ti03 total internal reflection phase ~onjugator.~ 

The apparatus is shown in Fig. 1. An argon-ion 
laser, operating in the lowest fundamental transverse 
mode at 514.5 nm, is used as a pump source. The 
pump beam is intersected by a glass plate to monitor 
the returning phase conjugate (PC) beam on a photo- 
detector. The unfocused beam, polarized in the plane 
of the paper (extraordinary ray) is then incident on a 
single domain BaTi03 crystal, immersed in a cell con- 
taining ethylene glycol5 with the c-axis oriented along 
the entrance wall of the cell. The sample is mounted 
on a translator with its translational axis perpendicu- 
lar to the pump beam. An angle of incidence of 35" is 
used throughout this work. 

Initially the incident pump power is increased to 160 
mW and the crystal is positioned a t  a. point along x 
(shown in Fig. 1) where self-pumping using total inter- 
nal reflection occurs spontaneously. When the PC 
beam reaches a steady-state value, the ciystal is then 
slowly (compared to the crystal response time) trans- 
lated along the negative x direction, maintaining self- 
pumping throughout the motion. At a given point, the 
PC beam is finally observed to decay. The crystal is 
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then translated by an additional 0.05 cm (0.02 in.) and 
this defines the origin 0 for all the following measure- 
ments. 

Figure 2shows the steady-state magnitude of the PC 
beam as a function of crystal position. Each scan is 
performed by repeatedly increasing and decreasing the 
x reading. The data shown represent the average of 
several independent readings. The error bars are in- 
dicative of amplitude fluctuations, likely to originate 
in laser instabilities caused by optical feedback. 

The four-wave mixing interaction geometry using 
total internal reflection as feedback is illustrated in 
Fig. 3. It shows two interaction regions connected 
only on one side by internal reflection from the corner. 
The absence of feedback on the side imposes two con- 
ditions6 for starting the oscillation. First, the coupling 
strength y L  must exceed a certain threshold value to 
compensate for a given loop loss. Second, the oscilla- 
tion is not self-starting and therefore requires a finite 
seed beam normally provided by fanning7 of the input 
beam. 

In Fig. 4 the variation of the coupling constant y 
with the loop orientation ciz is plotted for our particu- 
lar experimental arrangement. This curve shows y to 
be optimized for larger angles. Under the assumption 
that self-pumping seeks the direction of greatest gain, 
the loop is expected to overlap with the input beam 
near the entrance point, where both y and the interac- 
tion length L are maximized. This argument is sup- 
ported by our observations. The coupling strength 
should therefore increase with the crystal position x .  

Based on the above arguments, we offer a physical 
interpretation of the observed bistable behavior as 
follows. When the crystal is positioned a t  the origin 
point 0 ,  the coupling strength assumes its smallest 
value within the translational range and most likely 
below threshold. As x is increased past the switch 
down position x,, yL is now raised above threshold but 

1 June 1987 / Vol. 26. No. 11 / APPLIED OPTICS ' 2263 



Optical Soc of America, 
- 

MONDAY YWIMM 

Ths r d W l t y  R dstlned 88 Ihe ratlo d output lngs Lnduced by the photore& matwlal can be 

s i w  obtained at con(-te end prabe haguerr recadsd -te@ end s w l y ,  and Umv 
cWahishownhFlg 1 niaplottsdasahnctlonot ~ e ~ w ( m r a s p e d t o t h e ~ m f a m  
the punp intensity btdde the cavity narmalizsd to ing Intenab ty- can be deWnad. This 

ms mi~ratlon htwdiy T M ~  =h.m lntendty unkw W e  Is &mor&atedMh a new of 
is determined together with lhe lntsrband absorp WCgephic meterlal,  id^ nlboso akaMs dl* 
tlm casnlciem no and the mlmun Augw recom- solved In cyanaacryhte polymer fllme ARsr a 

bination rate AN: by transmkrsim msasuemrnts b ia l  overvlsw. we Cbwbp Ihs fuU ltaEmatlc81 
perfmmed Ln anolbr experiment The reltectlvlty heme& nscsssery to ~rdsmtanf hdogm for- 
s fmed as shown a cuvas(a) and (4) m bcst fn math. h o l o ~ a m  dstaotlan. snd mW Hmlte- 
[see curve (a)] )a obtained by wing no = 21 cm-' lions vnder -8W a d c o n d l t k r ) s .  end sddb 
and AN: = 1.7 X 10" 3-'. Na new parameter has tbnally we prqXW a duaCbaam modiffcath of 
been uBed for wo fit. The MI- of m A* P M l  whkh can wive f a  a- W M l o n  
recomb~etkm rate buiicates lhat Ihe free cmkM (12 
relaxation tlme Is $bum& reduced at Ngh intml- 
ly in our experlma\ a retaxatbn time of 10 ps 16 1 c k a m M  and D. Butsnb 
~chlevsd for the largest lraenatty used, giving rise lnt M 22,582 (1883) end rekerencas Uweh 

to a reiatlvely h+gh valm, k# ow expertmental re- 2 SpW)af tJawr pepera m - J. Q.@?Wm 

flectlvity with such a rapid pbplrratkur #l3xa!b won W-22 (I888) 
rate the rehacttve index r h e a  faslsr than Uw 
~nterfwwrce punem mrrres, and na suamM@ ol 
th~s &ex moduletm o c m  On the OW hand. MHH3 S ~ - W ¶ V ~  c0@~11lon b pho- 
renscitrw cakulated wllhoul recocnbb Wemcltvo B Q - $ ~ & ~ - + ~ H  
rm 16 WWBT by -2 DT~BTS 01 magnim man the 
axperlrrmntal valuw, evbdmoe of the lmporlant 
r o r e o f A ~ r ~ t k m m t I r a e ~  
tor doped matarbla [see (MI.  

Thts finding cwld be of irderest ~n the of 
min sernconQaor dices or mutllpleguanhm- 
well mucturcts and may also have practkal inier- 
us! in designing hwspeed absorptive nOnlhwU 
dttv~ces (12 mln) 

1 R. K. Jain ard R. C. Lind. J. Opt. Soc. Am. 73, 
647 (1963). 

2 P. Romslgrol, 0. Rimd. K. C. Rustagi. 8nd C. 
Flytzanis, Opt. Commrul. $6, 143 (1085). 

3. 8. Danlslzk, K. Nanwmaon, and 13. V m  der 
L i .  Appl. Phys B JII,31(1985~ 

MHH2 Phau-modufiltad e mn 
lbchrrlqrwtof iJw semltlva dslecHon ot phsa and 
-w- 

I: BRAUCHLE, J. PWSL. U, W c h .  tnslitute for 
Physical Chemistry, G%ODO h i & .  F R Garma- 
ny. M. a H R T Z ,  W Oermny, 0-8500 %im, F.R 
Germany. 

Holography has daveloped tnto a powectul tool 
for hvestlgetlon ol photochemical reactions h lh 
sdld state and b s  been swcessfulty used in eual- 
(stran ol a nunber of new hologfachc racadlng 
nulerlals * 

In previous nolographic techn#yues, wMch we 
refer to as phaabinsensitive horo9.ephy (RHA one 
records me dlfhacled ~!@t inlenshy 2 Wlm PIH, 
the ~bsorplha snd dlsperske part of the overall 
hologranl eftklancy cannot be sepded. end the 
sign of e l m  pan Is completely lost It ls easlly 
seen that a separea recordlng of absaptive and 
dirpersive hobgram Wcludtng their a@n can lsed 
lo a much deeper mdemmbg ol the meehds-  
IES o i  -am tormaiim. 

In Ws paper. we propose and Umm6trat.e a 
new hdograpklc m e t h o b v a d  he 
logeltry (pMntwhlch is reW& to bul disUnclly 
O t N e r a  lrm wal~lorwwd homcdyw defection 
t e r m  B h t d , W u S 8 s ~ t ) e t e c -  
tron .nd Wus Bharea tha sensitivity ab*mtng& ot 
mbtuhniqw. thaamsttWtyllmHsolPMHare 
evaftmed snd Camperod * those ol  cmventlon 
a4 PW ad W rondltlom ere ~dentKW lrndsr 
u#eh PM4 s p p m h a s  the fundamental Illnits 
Wh& a d megniMe tmprwement ol be- 
tscllan aen&tMy is tiemonstrated In the pr& 
wcrX. 4 &adw OI lnu@lltUdB hrrpovsmsnl Is 
.komtobewlRhrsscA 

itr a &Ma ?eakrb d PMH. ml &atshared by 
5a- homodyne dsteotm tedlnlctm 
~ ~ , ) ) * . b M w p t u w r a f i d ~ g r a +  

&AN RM)RK3EZ, AZAD SIAWOUN, GREG 
ORY SALAklO, U Amma% Ph)reics Departmsnt, 
Fqettsvklle, AR 72701; MARY J. MUFi ,  WIL- 
LIAM W CLARK 111, GARY L WOOD, EDWAW) J 
SHARP. Cenler for N4dll Vlslon and Oectro-oF 
Ucs, Fat Balvoh. VA 22080.5877; RATNMAR H. 
NEUAGAONKAR. Rockwell lnternatbnal Sdence 
Center. molrsand Oeks. CA 91360 

Many differ& nmlinear phoromans and tech- 
nlques have been used to produce phase cmlw 
gate beams MI rscemty, however. only berlun 
t i w e '  (BaTfbs) and wkmaoped s m i u m  bar- 
lun nlobatel' (SBN) heve bean succ~tgMty - 
as self-pumped @aw cm&&e mirrcfs f a  rnillb 
watt h3am pouvws Serf-pvnped pbse conly)a- 
tton, as nwmed here. b tompW self-ccdalned 
mul reqvkes no extamat minors. punpb\g beams. 
a applid e&bk r i lds 

We report here on the first observation of self- 
pwpng In the new hfa&3@+bronza family crystal 
% , S r , ~ $ c a s O t ,  tBsK)gJ) ' the w 
~ t e r ~ w l € s s ~ s d o n a E m m ~  
of B S W i  =a caqwcanpars$de with rtroas w b l y  
reported kx BaBafi03 (Ref. 2) and $ I N 3  ' in addc 
llon to the behavior of BSKNN m a self-pumped 
W e  conjugstar. we elso reporl the thm r w e d  
t a W e h e e t o f t h e p h a s e ~ t e b e a m a n d  
Mymmstrlcal mlelrdofaeusBlg (beam tannlng) 
Both oi  these characterhtk times were meawed 
as a fwrction of p w  tntenalty. 

The e!qmrhwntal en-1 used fcu the sell- 
pKoped phase cdnjvgeto reflectivity masure 
ments (dsshed lime] is chow h Fig. 1. me e r n  
output was Rwpt In a shale banswse moQ. at- 
wq#l s e w &  bfm@tu%d rodes wee wuulst- 
in& Extraordinarlr poi&& llgM was wad to 
w;ta gatings, a l e  ordinary p o M  #ght was 
used for qathg erawrs. llm beam sape- 
rrnedhphaaecMljugatsRomthebputandper- 
mined mxmaltzatkm of the mnlugete intan- 

Thspumps%lphesa~tebeawwere  
monitored wi!h rnatdtb-g phorodlo&.cn P.D.1 and 
P D 2. respecthrety. SeWgurnpIng wa6 o h e d  
werankrckhma@eB+4F tnTablalwe 
pasent the r e M i  meammmWa at each d 
fow9pBtBB(lhWtElffwnanAr-)on*swincrdemon 
the cryatel nt an input mgle of +2Oe wkh respect 
to the fmmXl1. T b  unlmxmed brmvn diameter tee* 
point) was--1.5 mm at the cryow 

The same apparahn used to obtain tbe phese 
mjqjate reflmtivlty meafw~rm~ts  was wed to 
obtetn the phass con]ylate Icrmatlon Lime Tba 

conlugate twmatlon time r, ,  or the time 
required for \he rafleclivity to reach e-' of #s final 
value. as a Iwrctbn of Mmity. $ presented In 
m e  a of Fig. 2. The following exprm9hm repre- 

sentsthebeattittothisrrspmse r - 1251 L "  

whare r ,  s tn secwds and I is in Wtclne 
The experimentaf enangamsnt d'ldad by 1tw 

sow llnes In Flg 1 was usetr cu .,,R-rLne the 
beam tannlng r e a p o ~ e  t l w .  In tbls experblwnl 
0peningWeshutteccausedrJatecta P D 1  tot?@ 
gera wavetam analyzer Ihat monnorrr' .mi stored 
tho w a w h t  response seen by detpctw P D 3 

The response thne was choasn as the tlnw, for the 
tr-med beem to reach e ' of the difterenco 
be- the initial and equilibrium t ~ l l e n s l l ~ ~  
Cuve b of Flg 2 shows thls drerectwtsOc r e  
sponse time as a tuncVon ol the @ul ntenSlh 
uibkh best fit8 the exgresslon, 7 = 1 541 

~ e r I s I n s s c o n d s B n d I b i n W l ~ 7  (12m(n)  

1, R. R Neugawttt~ wd W. K Cory. J t&t Soc 
Am 8 a, 274 (1988) 

2 J F s W g ,  Opt Lett 7. 486 (198:t 
3 D J Sel&TO,M J W k ,  W W Clark 111, 1 

Wood, and E. J %p. Opl. Comnior> 58.11 ' 
(1986) 

4 M.J. MiUer. E J Sharp, G F W d  n W m r k  
1n.a J m . a n d ~  R twgeorlr4, sl*llt 

ted to q t  Len 
S. J F e h b w ~ ,  J. Opt. Soc Am 72.46 tt9821 

PAUL SUNI, S t  FALK, Ll. Pittsburgh, P~tlstrurgh 

PA 15281. 

m e  w n ~ t t c n  by stimulated Bllhwn scat- 
terlng (SBS) la not a perfect promss lhe SBS 
output Is no4 100% curelated wim ths Input Tho 
dsgw to which ths outprl devhkm f r p  s perfect 
rap- oi mb 'hput has been invsstlgstorl extec- 
slveiy. but D date experimanhl vertnqtion nf the- 
oceml p r W h 3  Is meager 

We peaent hare resub of conjuya1o I ' i l r t y  
nteasuremenlv MI record the dep81ufelrr.c ul 
the lidellty MI th pvmp p o w  end p m t  ancJ11Ia 
dlvergwtce h3w meauwnenti: show that the 
fWslty decreases thearty wl* tncremtr+a 
pwver end incrsesss abwl l i w l y  wllb the sgonre 
ot pump dl- These rwutts are Ln agee 
 ma^ w m  some w i e s  of 38s phase crrnj~ga- 
tion '2 

Wa gemraie an SDS phase cm)ugaie by pwny 
my a square e ~ ~ l - l l l ~  metal w a v ~ y d e  with 
the 532-nm cuiput kom a Nd Y AG lasm lFiq 1 I A 
Iractkm (10%) of Ihe pmer IS split off from fhls 

main beam snd sent lhrouph t ;L. ' 3,itrn.n I r 
some axparhants We hemaln beam trartr ses 3 C 

W r  lRe gaung spltla the probe herrrn Into 

meny orders, two of whM are sent mk) the cmflr- 
gala via a kms Energy Rsraauements of In.- 
W t l p k  beams which appear after fhe two contu , , 
gated probe beams make a eecDnd p,bs Ifaou#r 
the WaWng an, v a d  to cbtarnh cocg\rgate Welt- 
ty WUng r2  denote the rretb of ttw 1-Osrrlor 
SBS f~ReCtiuitk% the r& amow 1I-e threw 
strong beams wtwh sxa ths grating alger rim silr- 

' 
ond w s  (sea Fq 2) are 

F,IF-d = 7/r2Ft, 1 1 )  .: 

+ 2:rR 1 G ( ~ ) E , I ,  r t (21 : 

3 
Tha etectnc l W s  wrltlen n Eq 12) H e  nornurll~et! ' ' 
50 MB~ J I E ~ ~ ~ Z X  = 1 The Mrn f i  dr*lDtt?b .I 

gratlng property. therratlo of the 1 0artbr l ~ f l r d ~  I - 
ed energlea whtch rewn from a sjoglt* p3>' .: 
through t?w phase yatiny 

Meesuemeot or F I I F - I  thus albws !is ~ E Q  ( 1 1 1  . 
lo Cakulate r Shls h hrm Mt9 us deterrillno tWj 

fW overlap integral in Eq (2). whfm 15 n# I Ir I! 
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ABSTRACT 

The  f i r s t  o b s e r v a t i o n  o f  se l f -pumped  
p h a s e  c o n j u g a t i o n  u s i n g  t o t a l  i n t e r n a l  
r e f l e a t i o n  i n  c e r i u m  doped s t r o n t i u l n  
barsum n i o b a t e  w a s  described e a r l i e r  f o r  
442nm r a d i a t i o n  1 1 1 .  We r e p o r t  h e r e  on a n  
e x p a n s i o n  o f  t h e  f r e q u e n c y  r a n g e  f r o m  
458nm t o  633nm v h i c h  i n c l u d e s  a e v e n  a r g o n  
l a s e r  l i n e s  a n d  o n e  h e l i u m  neon  l a s e r  
l i n e .  The se l f -pumped  p h a s e  c o n j u g a t e  
r e f l e c t i v i t i e s  f o r  m i l l i w a t t  beams a t  n e a r  
n o r m a l  i n c i d e n c e  t o  t h e  c r y s t a l l i n e  c - a x i s  
h a v e  been  m e a s u r e d .  Based  on  t h e s e  
m e a s u r e m e n t s  t h e  i m p o r t a n c e  of l i n e a r  
a b s o r p t i o n  i n  t h e  o p e r a t i o n a l  bandwid th  o f  
t h e  p h a s e  c o n j u g a t e  m i r r o r  i s  d i s c u s s e d .  
A p p l i c a t i o n s  i n c l u d e  low power o p t i c a l  
s t o r a g e  d e v i c e s  a n d  o p t i c a l  d i o d e s .  

INTRODUCTION 

Se l f -pumped  p h a s e  c o n j u g a t i o n  u s i n g  
t o t a l  i n t e r n a l  r e f l e c t i o n  w a s  f i r s t  cb-  
s e r v e d  i n  a  c r y s t a l  o f  BaTiOJ 121 a n d  
l a t e r  i n  s t r o n t i u m  bar ium n i o b a t e  
(SEN) [ I ]  a n d  ba r ium s t r o n t i u m  p o t a s s i u m  
sodium n i o b a t e  (BSKNN) 131. These s e l f -  
pumped p h a s e  c o n l u g a t e  m i r r o r s  (SPPCHs) 
a r e  c o m p l e t e l y  s e l f - c o n t a i n e d  and  r e q u i r e  
no e x t e r n a l  m i r r o r s ,  pumping beams,  o r  
a p p l i e d  e l e c t r i c  f i e l d s .  I n  a d d i t i o n ,  
s u c h  d e v i c e s  a r e  s e l f - s t a r t i n g ,  s e l f -  
a l i g n i n g  a n d  r e q u i r e  Only m i l l i w a t t  
i n c i d e n t  beams t o  p r o d u c e  a  p h a s e  con-  
j uga t e  . 

I n  a  SPPCH t h e  p h a s e  c o n j u g a t e  beam 
i s  p r o d u c e d  by f o u r - w a v e  m i x i n g .  However,  
t h e  two pumping beams t h a t  a r e  n o r m a l l y  
r e q u i r e d  f o r  f o u r - w a v e  m i x i n g  a r e  s e l f -  
g e n e r a t e d  w i t h i n  t h e  c r y s t a l  f rom t h e  
i n c i d e n t  beam i t s e l f  v i a  beam f a n n i n g  [ a ] .  
L i g h t  t h a t  i s  a s y m m e t r i c a l l y  d e f o c u a e d  by 
way o f  t h e  p h o t o r e f r a c t i v e  e f f e c t  i s  
i n t e r n a l l y  r e f l e c t e d  f rom f a c e s  a d j a c e n t  
t o  a n  e d g e  OF t h e  a r y s t a l  t h e r e b y  f o r m i n g  
a  two-way l o o p  a s  shown i n  F i u u r e  1 .  T h i s  
r e t r o r e f l e c t i o n  of  l i g h t  f rom t h e  i n c i d e n t  
bean v i t h i n  t h e  c r y s t a l  p r o d u c e s  t h e  pump 
b e a n s  a n d  l e a d s  t o  t h e  s e l f - a l i g n m e n t  a n d  
s e l f - s t a r t i n g  o f  t h e  p h a s e  c o n j u g a t e  
m i r r o r .  

FIGURE 1 S e l f - p u m p i n g  c o r n e r  l o o p  i n  a  
6mm c r y s t a l  c u b e  of Ce-doped 
SBN:60. 
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Lifetime of excited atomic states 

J. D. Cresser,. A. Z. Tang, G.  J. Salamo, and F. T. Chan 
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(Received 26 December 1984; revised manuscript received 26 July 1985) 

In this paper we derive an expression for the lifetime of excited atomic states taking account of 
contributions due to nonresonant two-photon transitions. Explicit integration of the two-photon 
emission spectrum is not required. The results are applied to the case of the hydrogen atom. 

I. INTRODUCTION 

Although two-photon emission in atomic systems is a 
subject much studied since the original work of 
~ o e ~ ~ e r t - ~ a ~ e r , '  there still remain certain aspects of this 
process which have not been satisfactorily dealt with. 
This is the case in situations in which an atom in an excit- 
ed state can decay to its ground state by two-photon emis- 
sion while passing through an intermediate atomic state 
having an energy higher than the initial state (nonresonant 
two-photon emission) or through an intermediate state 
with an energy lower than that of the initial state 
(resonant two-photon emission). A n  obvious example of 
such a situation is that of the two-photon decay of the 3s 
(or 3 d )  level of hydrogen in which nonresonant emission 
is mediated by the higher-lying intermediate np states 

(n  2 4 )  and the lower-lying intermediate 2p state. The 
former process, being nonresonant, is very unlikely com- 
pared to the latter, but still has interesting potentially ob- 
servable effects arising from quantum interference be- 
tween the two different routes by which the atom can ar- 
rive in its ground 

A somewhat more basic aspect of this kind of two- 
photon decay was addressed by Florescu,' namely the 
problem of actually calculating the lifetime of such an ex- 
cited state. The interest in this problem is related to the 
fact that for a metastable level (i.e., one for which there is 
no resonant lower-lying intermediate state) this lifetime 
can be calculated by simply integrating the two-photon 
emission spectrum over the frequencies of the emitted 
photons, taking account of the conservation of energy. 
Thus, for hydrogen (in atomic units) 

( l a )  

where v' and v" are the frequencies of the two photons 
(with unit polarization vectors 2' and 2", respectively) 
emitted with 

The sums over n in Eq. (lb),  the second-order matrix ele- 
ments, run over all hydrogen wave functions, including 
both continuum and bound states, and could be evaluated 
exactly via the implicit technique2 or the Coulomb 
Green's function in momentum space.' 

In the absence of any resonant intermediate states, e.g., 
ni =2, the expressions in Eqs. ( l a )  and (lb) remain finite. 
However, if in the sums in Eq. (lb) there appears a 
resonant intermediate state, e.g., if ni = 3, the correspond- 
ing denominators in the summation will vanish. That is, 
the perturbation theory expression breaks down. In order 

( l s l S " . r l n ) ( n  l? ' . rJn, lm) + 
En - Eni + E d ,  ( lb)  

avc 

I 

to perform the integration in Eq. (1) in this case, Florescu3 
adopted a procedure in which the energy of the intermedi- 
ate state was assigned a complex energy, the imaginary 
part of this complex energy being the natural linewidth of 
this level. As shown in Ref. 3, such a procedure applied 
to, say, the 3s and 3d  levels in hydrogen, yields, after nu- 
merically integrating the emission spectrum over frequen- 
cy, the usually quoted value for the one-photon lifetime of 
the initially excited state.4 The conclusion that was drawn 
was that the contribution t o  the lifetime of the excited 
state due to nonresonant two-photon decay is negligibly 
small, as already mentioned above, and in agreement with 
intuitive expectations. 

The general validity of this procedure is, of course, 
open to question. In fact, Florescu5 has raised the point 
that the lifetimes of both the initial and resonant inter- 
mediate states should be properly taken into account, and 
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Fi$. 4. Experimental frequency am at zero time delay on 
diamond. The fringer in thin plot am, a result of avery uaful 
trlck employed to get rid of the depsndence of the signal on 
me optical phases. We performed simultan(y1udy with the 
fiequsncy scan of the hen a very slow scan of the time delay 
between the pump and probe palr. In lhb way one passes 
dowly through the maximum and minimum signal strcn~th. 

induction regime (t P pulsewidth) as has been mea- 
sured by Laubereau et al. [6 ] .  The detection of this 
frequency drift, computed in fig. 2, is also possible in 
a TSRS experiment. It results in a change in the rhythm 
of the gain and loss pattern underneath the envelope of 
the energy transfer measured (fg. 2 in ref. [I]). We 
have observed this change in the frequency but to  ob- 
tain good qualitative values the system (mirrors, beam- 
splitters) must have extreme optical phase stability. 

An estimate of the strength of the electronic con- 
tribution with respect to the isotropic nuclear part can 
be obtained with the experiment we will describe be- 

4lCATlONS 
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intensity profiles of short optical pulses via temporally reversed pulses 
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A new technique is reported for determining the intensity profile of optical pulses on a 
subpicosecond timescale. Several examples are presented in order to demonstrate the capability 
of the technique. 

The development of cw mode-locked dye lasers' has 
produced a source of femtosecond optical pulses which can 
be used to probe ultrafast phenomena. An ideal means of 
analyzing the temporal structure of such short optical 
pulses, however, has not yet been developed. The techniques 
most commonly used are autocorrelation' and the streak 
camera3 where only the latter can yield the temporal intensi- 
ty profile I ( t )  of the pulses. Streak camera resolution, how- 
ever, is limited to the picosecond domain. In this letter we 
report a "self-convolution" technique for determining the 
intensity profile of optical pulses on a subpicosecond time- 
scale. 

Of the aforementioned techniques autocorrelation is the 
method generally preferred for characterizing the output of 
cw mode-locked lasers due to the highcost and Limited reso- 
lution of streak cameras. In the autocorrelation technique a 
train of optical pulses from the output of a mode-locked laser 
is split into two pulse trains with a beamsplitter. These two 
pulse trains are recombined in a nonlinear material such as a 
second harmonicgenerating (SHG) crystal considered here 
as an example. The experimental arrangement, shown in 
Fig. 1, is very similar to a Michelson interferometer except 
that a relative delay r between the optical pulse trains is 
introduced before the pulse trains are combined in the SHG 
crystal. The intensity of the frequency doubled output then 
becomes a function of the relative delay. Experimentally, the 
variable delay is introduced by simply changing the optical 
path length of one of the arms of the interferometer. 

The intensity of the frequency doubled output of the 
SHG crystal is proportional to the square of the fundamental 
intensity." From this it can be shown5 that the intensity of 

the second harmonic light is enhanced when the optical 
pulses from each arm of the interferometer overlap in the 
SHG crystal. Quantitatively this enhancement is propor- 
tional to 

where I ( t )  represents the temporal intensity profile of an 
individual pulse in the pulse train and G( r )  is called the 
autocorrelation of l ( t ) .  An experimental setup. such as the 
one described in Fig. 1, to measure G(r)  is commonly re- 
ferred to as an autocomelator. The autocorrelation of a 
known pulse is illustrated in Fig. 2. 

From G(T) it is possible to obtain an approximate value 
ofrp,  the temporal width of an optical pulse in the train, only 
by first assuming a specific form for I ( t ) .  The width of G ( r )  
can then be related to rp by Eq. ( 1 ). Theestimated rP is then 
dependent or1 the choice of functional form of I([) so that 
G(T) alone yields neither the temporal structure nor T,. In 
fact, the assumed I(() can often lead to erroneous  result^.^ In 
this letter we demonstrate a new technique, "self-convolu- 
tion," which yields I ( t ) ,  and hence "T,," directly from the 
data. 

The self-convolution technique described here is similar 

Detec to r  

Mirror 

0 1 2 3 4 6 e 7 8 9 l O l l K  

DELAY TIME (ARB. UNITS) 

FIG. I .  Interferometric apparatus ulad for pulsecorrelation measurements FIG. 2. Dashed aurocorrelalion curve is produced by the pulse overlap de- 
by second harmonic generation. The apparatus is referred toas an "autocor- picted in the upper inser~. The solid self-convolution curve is produced by 
relator." the pulse overlap shown in the lower instt. 
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Photoacoustic deflection spectroscopy: 
a new specie-specific method for 
combustion diagnostics 

2 V  D i v .  200ns Div 

Fig. 2. Optical response to an electrical signal, which is applied to 
the monolithically integrated circuit. 

Fig. 3. Detected voltage as a function of the optical output and 
injection current vs optical output 0. 
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Recently we have shown that photothermal deflection 
spectroscopy has an excellent potential for developing into 
a sensitive combustion diagnostic technique for minority 
species concentration measurements.' In this technique a 
dye laser (pump beam), tuned to an absorption line of the 
molecule (or atom) of interest, is directed through the com- 
bustion region. Most of the optical energy absorbed by the 
molecules is rapidly converted into heat due to quenching 
collisions. Heating of the dye laser irradiated region is ac- 
companied by refractive-index gradients due to the spatial 
profile of the dye laser beam and diffusion of this heat. The 
refractive-index gradient is probed by observing the deflection 
of a He-Ne laser (probe) beam. This deflection can be cor- 
related with the concentration of absorbing molecules. Ap- 
plication of this technique to a combustion environment was 
demonstrated by observing a photothermal signal from NO2 
produced in the combustion of methane and oxygen.' In this 
Letter, by application to OH molecules in a methane-oxygen 
flame, we show that the pressure change accompanying the 
heating of the dye laser irradiated region can also be detected 
by the deflection of the probe beam placed a small distance 
from the pump beam. This technique, photoacoustic de- 
flection spectroscopy (PADS), can be used as a sensitive 
technique for minority species and local temperature mea- 
surements. If significant concentration gradients are present 
in the flame, application of photothermal deflection spec- 
troscopy iPTDSj is not straightforward. The PTDS signal 
in this case may be proportional to the concentration gradients 
rather than concentration of the absorbing molecules if the 
pump and probe beams overlap. The problem may be largely 
alleviated if the pump and probe beams are spatially sepa- 
rated.' However, the PTDS signal amplitude decreases very 
fast with increasing probepump beam distance2 reducing the 
sensitivity of the technique. In this case (i.e., when significant 
concentration gradients are present) PADS can be used with 
advantage because the PADS signal does not decrease with 
probe-pump beam distance very fast, and its sensitivity for 
spatially separated beams is much higher than that for PTDS. 
Moreover PADS also offers a simple way to measure simul- 
taneously local temperature by measurement of the acoustic 
velocity in the flame. In this respect, PADS is related to 
Tam's recentlv develoved "O~toacoustic Laser Deflection 
(OLD)" technkue for temperature measurements.3 A more 
detailed discussion of OLD and its comparison with PADS will 
be given later in the Letter. 

PADS is similar to conventional photoacoustic spectroscopy 
(PAS)4.S except that the pressure change is detected optically 
and not by a microphone (or a piezoelectric transducer). 
PADS has several advantages over PAS while retaining the 
sensitivity of PAS: (1) The optical detector that measures 
the deflection of the probe beam can be placed as far away 
from the flame as necessary without adversely affecting the 
sensitivity. The SNR depends on the separation between the 
probe and pump beams inside the flame and not on the posi- 
tion of the detector. This permits application of this tech- 
nique to hostile environments. (2) The acoustic signal never 
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Two-photon decay of hydrogenic atoms 
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(Received 9 December 1982; revised manuscript received 13 July 1983) 

The two-photon decay mode of hydrogenic atoms from an arbitrary state (nl , l l ,ml) to an arbi- 
trary state (nz,lz,mz) is studied within the framework of nonrelativistic quantum mechanics. In the 
dipole approximation, these decay rates, which involve infinite summation over intermediate states, 
are derived exactly via a general second-order matrix element obtained by Kelsey and Macek and an 
implicit technique introduced by Dalgarno and Lewis. The results are expressed in terms of hyper- 
geometric functions. For transitions n IS +n2s, our results reduce to those of Klarsfeld whose start- 
ing point is the Coulomb Green's function. For transitions to the ground state, an alternative ex- 
pression involving a simple one-dimensional integral is presented. The decay rate of the 2s meta- 
stable state of atomic hydrogen is calculated as an illustration of the method. The result, 
1 /r=8.2284 sec-I, agrees with Klarsfeld. For transitions of nls+ls and n ld -1s (nl 2 3 ,  the 
transition rates exhibit interesting and unexpected structures. In particular, "zeros" are found in the 
two-photon emission spectrum indicating that two-photon emission is not possible at certain fre- 
quencies. Physically, these "zeros" are the result of destructive interference between the radiating 
dipole terms associated with the sum over intermediate states. In addition to the emission spectrum 
the expected coincidence signal between two detectors monitoring the two photons simultaneously 
emitted during a two-photon transition is calculated as a function of the angle between the detectors. 
The angular distribution for the nld+ls transitions is shown to be significantly different from the 
nls + 1s transitions. Finally, a possible experiment is suggested to test the results presented in this 
paper. 

I. INTRODUCTION 

The possibility of a two-photon process, which proceeds 
via intermediate states, was first pointed out by Mayerl in 
1931. Breit and ~ e l l e ?  applied this theory to the case of 
the 2s-1s transition in atomic hydrogen and found that 
double photon emission is the most probable radiative de- 
cay mode, and is therefore the principal cause of the de- 
cay mechanism of the interstellar 2s hydrogen atoms. 
They also found that the mean lifetime T corresponding to 
this mode of decay can be bracketed by the relation 
6.5 < 1 /T < 8.7 sec-'. Later, more detailed  calculation^^^^ 
were carried out which involved term-by-term numerical 
evaluation of the infinite summation over intermediate 
states in the second-order matrix elements responsible for 
the decay. In particular, Shapiro and   re it^ found that 
the decay rate for the metastable 2s state of a hydrogen- 
like atom of atomic number Z, 1 / ~ ,  is equal to 8 . 2 2 6 ~ ~  
sec-', which corresponds to a lifetime of 1.9 msec for the 
case of He+. However, these conclusions could be modi- 
fied536 due to the possible existence of a nuclear or elec- 
tronic dipole moment which would produce a nonzero 
one-photon decay mode for the metastable hydrogenlike 
atom. Therefore, a careful study of the properties of this 
state is useful in the search for new fundamental interac- 
tions. 

In connection with this interest and in view of experi- 
mental success in two-photon-absorption and ionization 
experiments, a series of theoretical has ap- 
peared on how to perform exactly, within the framework 
of nonrelativistic quantum mechanics, the infinite sums in 

the second-order matrix elements responsible for various 
multiphoton processes. For the decay transition, the nu- 
merical result of the two-photon decay rate of metastable 
hydrogenic atoms, viz., 1 / ~ =  (8.2283k0.0001 )z6 sec-I, 
obtained by ~ l a r s f e l d ' ~  is believed to be the most accurate 

Recent c a l ~ u l a t i o n s , ~ ' ~ ~ ~  including all relativistic 
and retardation effects and all combinations of photon 
multipoles, give a very small correction in the case of 
low-Z hydrogenlike atoms. In addition, the two-photon 
decay rates of the singlet and triplet metastable states of 
heliumlike ions have also been calculated using variation 
procedures by Drake, Victor, and D a l g a r n ~ . ~ ~  

In a recent paper24 Kelsey and Macek used the implicit 
technique7" to obtain a simple reformulation of a closed- 
form expression for a general second-order matrix element 
for hydro en. While equivalent expressions have been de- 
r i ~ e d " ~ ~ ~ 9 ~  emoloyinp various reoresentations"-" of the - - -  
Coulomb Green's function, the Aathematics involved is 
quite cumbersome. Although the work of Kelsey and 
Macek is very important and useful, it has not received 
enough attention. One of the purposes of this paper is to 
show that the elegant results of Kelsey and Macek and the 
powerful implicit technique can be employed to study the 
two-photon decay mode of a hydrogenlike atom from an 
arbitrary initial state (n l , l l ,ml )  to an arbitrary final state 
(nz,lz,mz). As a result, the two-photon transition rate is 
expressed in terms of repeated parametric differentiations 
of hypergeometric functions. The results we have ob- 
tained are equivalent to those of ~ a z e a u , "  but the starting 
points are quite different. Gazeau used powerful group- 
theoretical techniques whereas we have used simple alge- 
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Photoacoustic detection of OH molecules in 
a methane-air flame 

A. Rose, J. D. Pyrum, G. J. Salamo, and R. Gupta 

Pulsed photoacoustic signals from OH molecules in a methane-air flame have been observed. Quantitative 
measurements are made and compared with the results of a theoretical model. Very good agreement be- 
tween theory and experiment is obtained. A detection sensitivity of 250 ppb for OH molecules in a combus- 
tion environment has been obtained. 

I. Introduction 
There is considerable interest in the development of 

new optical combustion diagnostic techniques for mi- 
nority species concentration measurements. Following 
the work of Crosley and collaborators,' we have recently 
shown that photoacoustic spectroscopy has an excellent 
potential for developing into a very valuable combustion 
diagnostic t e c h n i q ~ e . ~ ~ ~  The technique is non- 
perturbing, has good temporal resolution, and has ex- 
cellent sensitivity. In this paper we report on the ap- 
plication of this technique to the measurement of the 
concentration of OH molecules produced in the com- 
busion of methane and air. The experimental results 
are used to check a theoretical model of signal gen- 
eration and propagation in a combustion medium. 
Very good agreement between the theory and experi- 
ment is obtained. 

Although the discovery of the photoacoustic effect 
is quite old," most of the applications of this technique 
have been developed since the advent of lasen5 the 
photoacoustic effect may be explained simply as follows: 
Let us say a sample of molecular gas is illuminated by 
light of such a wavelength that it is absorbed by the gas 
molecules. The excited molecules can either radiatively 
decay or lose their energy via collisions. The energy lost 
in collisions may subsequently appear as rotational- 
translational energy of the gas molecules. The tem- 
perature of the gas rises, or equivalently, for constant 
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volume, the pressure rises. If the light source is pulsed, 
a pressure pulse may be detected by a microphone. The 
technique is specie selective since the laser radiation 
may be tuned to excite a specific molecular or atomic 
species. Since this technique depends on quenching 
collisions, the real advantage of this technique lies in the 
fact that small concentrations of the gases of interest 
can be detected in the presence of foreign gases at  at- 
mospheric pressure. On the other hand, unless special 
schemes are used, fluorescence spectroscopy in such 
circumstances is generally less appropriate since most 
of the excited molecules decay nonradiatively due to 
quenching collisions with foreign gas molecules. This 
is primarily why the photoacoustic technique has been 
so successful for pollution measurements. 

Our initial work was done with NO2 molecules pro- 
duced in the combustion of methane and air.2.3 We had 
chosen NO2 for that study because of its optical ab- 
sorption in the visible region. Although .that investir 
gation was very successful in proving the excellent po- 
tential of this new application of photoacoustic tech- 
nique, quantitative work proved difficult for the fol- 
lowing reasons: (1) NO2 has a very complex spectrum 
in the visible region (almost a quasi-continuum); (2) the 
dptical absorption coefficient of NO2 molecules is small, 
and the NOz density in a methane-air flame is very low; 
(3) the absorption coefficient of NO2 a t  flame temper- 
ature is not known and cannot easily be computed or 
measured. In the investigation reported here we have 
applied the photoacoustic technique to OH molecules 
produced in the combustion of methane and air in a 
flat-flame burner. OH molecules have a high concen- 
tration in this flame! and their spectrum is well-re- 
solved (discrete) and well-under~tood.~ This has al- 
lowed a quantitative investigation of the photoacoustic 
effect in a flame. Our investigations on several isolated 
lines of the A2Z+ - X211 band of OH in the vicinity of 
3100 %1 have proved the validity of a theoretical 
model. 
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Production of O(1D) and O ( V )  by vacuum ultraviolet photodissociation 
of molecular oxygen 

G. A. Germany, G. J. Salamo, and R. J. Anderson 
Department of Physics, University of Arkansas, Fayetteville, Arkansas 72701 

(Received 3 1 January 1983; accepted for publication 29 April 1983) 

A pulsed fluorine excimer laser operating at 1576 wavelength, 10 ns pulse width, 10 Hz 
repetition rate, and -0.2 MW average output power is used to photodissociate ground state 
molecular oxygen, 02(X3Z; ). The dissociation products, O('D ) and O(3P), are produced with 
unit quantum efficiency and -0.4 eV translation energy. Time-resolved techniques are used to 
monitor the O('D2)-+O(3P2) radiative transition over the 0, pressure range 10400 mTorr. The 
O(1D)4,quenchingrateconstant isdetermined to be(3.7 + 0.3) X lo-" cm3 s-I. TheO('D)/02 
dissociation fraction is estimated to be0.4% to - 50% corresponding toO('D )denshiesas high as 
3 x lOI5 cm-'. 

PACS numbers: 79.20.Ds, 33.20.Ni 

I. INTRODUCTION 

Because of its 1.97 eV of internal energy and 147 s radia- 
tive lifetime, the O(ID ) metastable state of atomic oxygen 
plays an important role in the free radical chemistry of the 
atmosphere. Therefore, much effort has been devoted to lab- 
oratory analysis of O('D ) gas kinetic' and photochemical re- 
action rates2 and to the role of the O('D ) state in intermediate 
reactions3 of atmospheric interest. For example, the auroral 
and airglow characteristics ascribed to the 0,(b '2:-Xi - ) 
emissions appear to have their origin in the energy transfer 
process O(ID ) + 02(X3Z; )-02(b '2; ).4 Similarly the 
O(,P ) ground state atom also has received considerable at- 
tention in the analysis of the photochemistry of the terrestri- 
al a tm~sphere .~  Its production by solar ultraviolet photoly- 
sis of O,, O,, NO,, etc., and its role in subsequent gas kinetic 
collisional processes also make it an important factor in at- 
mospheric models. Thus, laboratory studies of reaction rates 
for three body collision processes such as O(3P) + 0, 
+ M-0, + M have received considerable attention from 
atmospheric  scientist^.^ In addition, the possibility of the 
production of significant densities of electronically excited 
oxygen atoms by charged particle impact or optical pumping 
of metastable or ground state atoms introduce yet another 
factor into the analysis of observed atmospheric emissions.' 

Unambiguous laboratory analyses of these and other 
collisional excitation processes require the use of experimen- 
tal techniques capable of producing a high density, well 
characterized sample of atomic oxygen. The most popular of 
these have been dissociation by (i) a rf or microwave dis- 
~ h a r g e , ~  (ii) an oven or f ~ r n a c e , ~  or (iii) photolysis of O,, 
NO,, etc." Each, however, is not without experimental 
drawbacks. For example, although rf or microwave dis- 
charge sources have the capability of producing intense 
beams of atomic oxygen, their very nature makes the excited 
state distribution of these atomic samples ambiguous. An 
oven source, meanwhile, yields an atomic sample which is 
comprised of nearly 100% ground state atoms at a typical 
operating temperature of 2300 K. However, its density is a 
rather low - lo9 cm-' and the accompanying background 
oven radiation is quite intense. On the other hand, although 

laser photolysis of a gas such as 0, through the process 
0, + hv-O('D) + 02(a1A,) has been used to produce 
workable densities of metastable oxygen for quenching rate 
experiments, it requires the presence of a high pressure back- 
ground 0, carrier gas such as He or SF,. 

This work describes a different approach to the prob- 
lem of atomic oxygen production. It reports the details asso- 
ciated with the production and measurement of a high den- 
sity sample of O(3P) and O('D) states produced by laser 
photodissociation of 0, in the absence of a high pressure 
buffer gas. Although our present research plan is to use this 
technique to provide target atoms in future low-energy elec- 
tron impact experiments, it is also suitable for use in a variety 
of other photochemical, quenching, or reaction rate experi- 
ments. 

11. EXPERIMENT 
A. Technique 

Our approach to the production of high density, well 
characterized samples of atomic oxygen is based upon the 
previous work of Lee and Slanger ' ' and utilizes 1576 i( laser 
radiation to photodissociate 0, via the process 

o2(x 32; ) + h~-+o,(~z; )4('~ ) + O('D ) + A€,  

where A 6  = 0.8 eV is the kinetic energy shared by the disso- 
ciation fragments.'' This process is characterized by several 
features which make it an especially attractive source of oxy- 
gen target atoms for excitation experiments involving 
charged particles or photons. Among these are that: 

(i) every photon absorbed results in a photodissociation 
event,I3 

(ii) both O(3P) and O('D ) are produced in equal quanti- 
ties and measurement of the o('D,)-O(~P,) radiative transi- 
tion at 6300 A can be used to directly monitor the densities of 
the atomic states (Fig. I), 

(iii) only O(3P), O('D ) and 02(X 3Z; ) exist as initial ex- 
perimental conditions for subsequent excitation experi- 
ments, 

(iv) given sufficient laser intensity (either through high 
laser power, focusing of the laser beam, or multiple laser 
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Minority species concentration measurements in flames by 
the photoacoustic technique 

K. Tennal, G. J. Salamo, and R. Gupta 

The potential of the photoacoustic technique to detect minority species concentrations in combustion envi- 
ronments has been investigated. In particular, we have detected Gery low concentrations of NOz molecules 
produced in the combustion of methane, oxygen, and nitrogen in a flat-flame burner. 

I. Introduction 
There is presently a need for the development of 

combustion diagnostic techniques to measure such 
parameters as gas concentrations and local tempera- 
tures in practical These techniques should 
(1) be nonperturbing to permit in situ measurements; 
(2) have spatial resolution; and (3) have temporal res- 
olution. Optical techniques are best suited for this 
purpose since they easily satisfy all three criteria. In 
fact, several optical techniques have already been suc- 
cessfully used for species concentration measurements, 
e.g., coherent anti-Stokes Raman scattering, sponta- 
neous Raman scattering, and saturated fluorescence. 
However, there is currently no single technique which 
is suitable under all circumstances, and all the above 
techniques can be seen to have relative advantages and 
disadvantages over each other. In this paper we report 
on an experiment which indicates the potential of a laser 
photoacoustic technique to identify and to measure 
minority species concentrations in a flame. In partic- 
ular, we have applied this technique to measure low NO2 
concentrations produced by methane-air combustion 
in a flat-flame burner. 

The photoacoustic effect was discovered by Alexan- 
der Graham Bell in 1880,4 but it was largely ignored 
until recently. With the advent of lasers there has been 
a resurgence of interest in this te~hnique.~  Stated 
simply, the photoacoustic effect consists of the fol- 
lowing: a sample (let us say a molecular gas) is illumi- 
nated by light of such wavelength that it is absorbed by 
the gas molecules. The excited molecules can either 
radiatively decay or lose their energy via collisions. The 
energy lost in collisions may subsequently appear as 
translational energy of the gas molecules. The tem- 
perature of the gas rises, or equivalently, for constant 
volume the pressure rises. If the light beam is ampli- 
tude modulated at acoustic frequencies, the pressure 
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goes through periodic changes a t  acoustic frequencies 
and may be detected by a microphone. If the light 
source is pulsed, a pressure pulse may be detected. The 
technique is species selective since the laser radiation 
may be tuned to excite a specific molecular or atomic 
species. The real advantage of this technique lies in the 
fact that small concentrations of the gases of interest 
can be detected in the presence of foreign gases at at- 
mospheric pressure. Fluorescence spectroscopy in such 
circumstances is generally inappropriate since most of 
the excited molecules decay nonradiatively due to 
quenching collisions with foreign gas molecules. On the 
other hand, it is precisely under such circumstances that 
the photoacoustic effect is most effective. 

The potential of the application of photoacoustic 
spectroscopy to flame studies was recently demon- 
strated by Crosley and c~llaborators.~ These authors 
found that in a flame seeded with Na, if a pulsed dye 
laser was tuned to the resonance lines of Na, the sound 
produced by the photoacoustic effect was easily audible 
to an observer standing within a meter of the burner. 
They have investigated this effect in some detail and 
have measured the speed of sound (and thus the tem- 
perature) and some quenching rates in the flame. Our 
own experiments with a flame seeded with sodium have 
confirmed Crosley's  finding^.^ 

In this paper we investigate further the photoacoustic 
effect in a flame with a view to develop this technique 
into a combustion diagnostic tool. - In particular we 
describe our experiments in which we have measured 
low concentrations of NO2 molecules (-1013 mole- 
cules/cm3) in a flat-flame burner. 

11. Apparatus 
Our experimental setup is shown schematically in Fig. 

1. Light from a chromatix CMX-4 flashlamp pumped 
dye laser was used to excite NO2 molecules in the flame. 
The laser produces -1-psec long pulses with an average 
energy of -9 mJ/pulse and with a bandwidth of -3 
cm-l. The burner is a stainless steel flat-flame burner 
which is operated at atmospheric pressure. We use an 
oxygen-rich mixture of 0 2 ,  CH4, and N2 for fuel. The 
burner is enclosed inside a glass cross. The combustion 
products are exhausted out of the room through the top 
of the cross. The laser beam enters and exits through 
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There is considerable interest1v2 in development of com- 
bustion diagnostic techniques for minority species concen- 
tration measurements which (1) are nonperturbing, (2) have 
temporal resolution, and (3) have spatial resolution. In this 
Letter we report on the first application of photothermal de- 
flection spectroscopy3 to combustion diagnostics. The 
technique meets all three of the above requirements and has 
the potential of developing into an excellent combustion di- 
agnostic tool for measurements of very low concentrations of 
molecules in flames. In particular, we report on preliminary 
experiments in which we have detected low concentrations of 
NO2 produced in the combustion of a monomethylamine- 
seeded methane-air flame. 

Several techniques are presently under extensive investi- 
gation for species concentration measurements in flames. 
Coherent anti-Stokes Raman scattering (CARS) is a very 
successful technique for majority species concentration 
 measurement^.^ Fluorescence techniques have a high sen- 
sitivity; however, for these techniques to be useful combustion 
diagnostic tools one must either eliminate the effect of or 
quantitatively account for all quenching collisions. The 
saturated fluorescence technique5 has recently received a lot 
of attention. In this technique the effect of quenching colli- 
sions is practically eliminated by making the absorption and 
stimulated emission rate much higher than the quenching rate 
by using high laser intensities. Following the work of Cros- 
ley,%e have recently shown7 that the photoacoustic tech- 
nique has a high potential of developing into an excellent 
technique for measurements of very low concentrations of 
molecules in combustion environments. Parts per million 
sensitivity (with a resolution of few microseconds) has been 
obtained for NO2 molecules, and parts per billion sensitivity 
can easily be achieved for strongly absorbing molecules like 
OH. Achievement of spatial resolution, however, is not very 
easy in the photoacoustic technique, although these attempts 
are in progress in our laboratory. Photothermal deflection 

Fig. 1. Pump (dark) and probe laser beams as viewed from above 
(top part of the figure). The bottom part shows the cross sections of 

the two beams in three vertical planes. 

technique in many ways is similar to the photoacoustic tech- 
nique but eliminates use of a microphone for signal detection, 
and both spatial and temporal resolution may easily be 
achieved. 

The photothermal deflection technique has been pioneered 
by Amer and collaborators.~ The basic idea behind the 
technique is quite simple. Two laser beams, a dye laser beam 
(pump beam) and a He-Ne laser beam (probe beam), intersect 
in the region where the molecules of interest are to be de- 
tected. The pump beam is tuned to an absorption line of the 
molecules of interest. Laser energy is absorbed by the mol- 
ecules, who lose most of that energy by quenching collisions 
with other flame molecules. Most of this energy eventually 
appears in the heating of the flame gases, thereby changing 
the refractive index of the medium. The probe beam suffers 
a deflection due to the refractive-index gradient that is pro- 
duced, which is detected by a position sensitive optical de- 
tector. The amplitude of the signal, among other things, is 
also proportional to the concentration of the molecules of 
interest. Spatial resolution is obtained because the inter- 
section of the pump and probe beams localizes the region 
where the signal is observed. The temporal resolution is ob- 
tained by using a pulsed laser. 

Application of this technique to a combustion environment 
produces complications because of the existence of the con- 
centration gradients of the absorbing molecules. In partic- 
ular, if the pump and probe beams intersect, a deflection of 
the probe beam may also be produced by the refractive-index 
gradients due to the concentration gradients of the absorbing 
molecules. In this case, deflection is proportional to the 
concentration gradients rather than the concentration of the 
absorbing molecules. In our experiment the two beams do 
not intersect but pass close to each other as shown in Fig. 1. 
The top part of the figure shows how the two beams look when 
viewed from above. The bottom part shows cross sections of 
the two beams in vertical planes at  three different positions. 
In other words, the two beams are in two different horizontal 
planes. The detector is arranged in such a way that it detects 
only the vertical component of the deflection of the probe 
beam. Under our experimental arrangement, the vertical 
deflection of the beam is proportional only to the concentra- 
tion of the absorbing molecules and not to  the concentration 
gradients. 

Figure 2 shows our experimental setup. A stainless steel 
flat flame burner with methane, oxygen, nitrogen, and 70-ppm 
monomethylamine is used. The addition of small amounts 
of m~nomekh~lamine increases the concentrations of NO2 in 
the flame for ease of d e t e ~ t i o n . ~  The burner, -6 cm in di- 
ameter and operated at  atmospheric pressure, produces a faint 
blue pancake shaped and -1.5-mm thick flame. Part of the 
burner head is masked by a stainless steel sheet to give a 
straight edge to the flame as shown. The straight edge was 
not essential to this experiment and was there for historical 
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Radiative-lifetime measurements of the 4p 5P, 4p  3P, and 
4d 5D0 multiplets of 0 I 
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Time-resolved spectroscopy is used to observe the 4p 6P -+ 3s 4p 3P -, 3s 3S0, and 4d &Do 7 3p 5P multiplet 
transitions of the 0 I spectrum occurring at X = 3947,4368, and 6157 A, respectively. The exc~ted atomic states 
are produced through dissociative excitation of an Oz target gas by a pulsed electron beam of -0.5-2-psec pulse 
width and 100-eV incident energy. The mean radiative lifetimes of the 4p 5P, 4p 3P, and 4d 5D0 multiplets are 
obtained from analysis of the resulting radiative decay over the pressure range -20-100 mTorr and are reported 
as 194,161, and 95 nsec, respectively. The corresponding collisional deactivation cross sections for the multipleta 
are also obtained from the lifetime-versus-pressure measurements and are reported as 3.2 X 10-16, 7.7 X 10-16, and 
1.6 X 10-l5 cm2, respectively. 

1. INTRODUCTION slotted stainless-steel da tes  covered with 90%-transmission 

Determination of radiative-transition probabilities for strong 
spectral lines of the atomic-oxygen spectrum is an important 
problem that  has received the attention of numerous inves- 
tigators. These previous efforts include both theoretical 
calculations and experimental measurements with a wide 
variety of research techniques used to  obtain values of the 
radiative-transition probabilities, oscillator strengths, or mean 
lifetimes. A catalog of the research effort during the period 
1914-1977 is available in the National Bureau of Standards 
(NBS) bibliography by Fuhr et al.,l whereas Wiese2 recently 
published a new survey of the atomic-transition probability 
literature covering the period 1975-1978. Many of the more 
recent lifetime measurements have been obtained by using 
pulsed-electron excitation and delayed-coincidence photon- 
counting techniques. These methods include the high-fre- 
quency-deflection (HFD) in which excitation 
is produced by thousand-electron-volt electron impact of 
low-density beams of target atoms or molecules, and sup- 
pressor grid pulsing, in which excitation is produced by low- 
energy (e.g., 5500-eV) electron impact over a range of tar- 
get-gas pressures, electron-beam energies, and excitation- 
pulse widths. The present work employs the latter technique 
to c o n f m  the lifetime measurements of the 4p 5P, 4p 3P, and 
4d 5D0 multiplets of 0 1 previously carried out by Bromander 
et ~ l . , ~  using the HFD technique, and to  obtain estimates of 
the 0 1*-02 collisional quenching cross section of these 
levels. 

2. EXPERIMENT 

Detailed descriptions of the construction and operation of the 
present time-resolved apparatus have been given in previous 
papers7ks and will not be repeated here. However, use of a 
modified electron gun is required in the present work to ensure 
its extended operation in an O2 atmosphere. Therefore our 
experiment employs a new triode electron gun, which uses 

tungsten mesh as excitation-tube grids and a 0.1-cm X 2-cm 
iridium-coated tungsten ribbon as a directly heated cathode. 
The  cathode, operating at  -6 A and 10 V, produces a sheet 
electron beam of --5-mA/cm2 current density a t  100-V ac- 
celerating voltage. A positive square-wave voltage pulse 
applied to  the negatively biased grid of the electron gun pro- 
duces a pulsed electron beam of 0.5-2-psec pulse width, 
200-kHz repetition rate, and 55-nsec cutoff time. The 
electron beam passes through a field-free collision region 
positioned along and adjacent to the monochromator entrance 
slit, is collected in a deep Faraday cup, and is monitored by 
a sampling oscilloscope. Standard delayed-coincidence 
photon-counting techniques are used to detect the resulting 
collisional radiation. 

Intensity-versus-wavelength scans of the 0 I spectrum, 
produced by, dissociative excitation of the O2 target gas, are 
used to identify the observed spectral lines. For example, Fig. 
1 displays the wavelength scan used to identify the 4p 5P + 

3s 5S0 transition occurring a t  X = 3947 A. The scan, obtained 
a t  a spectral resolution AX = f 3 A, represents the worst-case 
situation with respect to overlap of unwanted spectral lines 
observed in the present work. The X = 3947-A line experi- 
ences line blending to  shorter wavelengths because of the 
presence of the X = 3945-A line of the 0 II spectrum. How- 
ever, the fraction of its integrated intensity that  is observed 
within the X = 3947-A bandpass is only about 6% of the total 
integrated intensity of the X = 3947-A line under observation. 
In addition, although the lifetimes of the two transitions are 
well separated (-46 versus 191 nsec), a short-lived decay mode 
corresponding to the X = 3945-A transition is not observed in 
the present data. Therefore the X = 3947-A line is spectrally 
resolved for the purposes of the present experiment. 

~ime-resolved?ireasureme?ts of the radiative decay, after 
the cessation 'ot fhe elec t rb~ beam, are obtained with the 
center of the monochromator bandfisa AX 5 3 A, set a t  the 
wavelength corre~pondi'ii~ t~ peakl~ne iptengity. The relative 
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I 
I models a r e  used f o r  t h e  l a s e r  bandwldth. Exact so- 

\ lu t ions  a r e  found f o r  a model "autolonlzing" continuum. 
The Torrey-type polynomials governing the decay of the 

! s ing le  bound s t a t e  a r e  derlved. An exp l ic i t  formula f o r  

> '  the  spectrum of the exci ted electrons i s  given fo r  both 

i '  low and hlgh l a s e r  I n t e n s l t l e s .  
I * ~ e s e a r c h  supported by t h e  US Department of. Energy. 
i 

DB 4 Coherent Resonant Propagation of Two Optical 
Pulses.* B. SOBOLEWSKAW* and J.H. EBERLY, Umv. of 
Rochester-- The coherent propagation of two optical 
pulses. ptnnping pulse and an amp1 i f i ed  resonant- 
Ramfin-type pulse, in a t h r e e  level medium i s  studied 
theore t i ca l ly .  The pulses  a re  much shorter  than the 
homogeneous atomic phase memory time. The relevant 
svstem of Maxwell-Bloch equations i s  consldered under 
t 6 e  assumption tha t  the  two pulses do not overlap 
s i g n i f i c a n t l y  i n  time during t h e i r  spat ial  propagation. 
The analog of a pendulum equation, well-known f o r  

I s ing le  ulse  propagation, has been derived. A kind of 
"area tieorem". In t h e  form of two coupled d i f fe ren t ia l  ! equatlons, has also been found. The difference In 

I behavlour of pulses longer and shorter  than the inhomo- 
zeneous l i f e t ime  i s  pointed out .  

Research p a r t i a l l y  supported by the US Office of Naval 

1 Rpearch * Fulbrfght-Hays Scholar, 1980. 

DB 5 8bu l ton6 :  Theory of Simultaneous Propagation 
of Short Different-Wavelength & t i c a l  Pulses.* M . J .  
KONOPAICKI, Air Force Weapons Labotatoq.  P.D. DRLIMMOND 
and J.H. EBERLY, Univ. of Rochester--Propsgation of 
short  diriercnt-wavelength opt ical  pulses in many-level 
absorbers hae been studied. - ~ e v  s n i l y t i c  solut ibas t o  
t h e  appropriate Mnxwell-Bloch equations were fo~md. The 
solut ione represent eimultaneous (epual 'veloci ty)  d i t -  
f crent-wavelength o p t l c a l  so l i tons ,  so  called simultons. 
I n  order fo r  aknulton grogagation t o  occur, both the 
pulses and t h e  medium have t o  be i n i t i a l l y  prepared i n  a 
manner determined by medium's physical pa;Aeters. The 
ana ly t i c  findings a r e  exten ed by applying numerical 
methods repo2;ted elsewhere. e 
*Work supported by DOE contract  numbere EY-76-F-03-118 
and W-7405-Eng-48. 

~K.J. Konopnicki'and J.H. Wer ly ,  Proc. of 10 th  Annual 
Modeling and Simulation Conference, eda. W.G. Vogt and 
M.H. Kickle (ISA, P i t t sburgh ,  1979), p. U99. 

which i s ' n e a r i y  resonant with one of the successive di- 
pole t r a n s i t i o n s  in  an N-level medium. Both transverse 
dl f f rac t ion  e f f e c t s  and Gaussian l nhomogeneous broaden- 
ing ary included. The Ilaxwell-Bloch equations are Inte-  
grated numerically with a computer program tha t  In- 
cludes coherent pulse-atom interact ions as  well as 
spontaneous emission, col 1 isional dephasing, optlcal 
pumplng and ion i sa t lon .  Recently discovered SU(Y) sym- 
metry re la t ions  provide a straightforward way of e s t i -  
mating the overal l  e r r o r  i n  computlng the N-level 
dtlllsic time-development f o r  each space-point and each 
Frequency t h a t  i s  integrated.  Also, a check of the pm- 
gram i s  provtded by comparison wlth recently discover- 
ed analyt lc  resu l t s  f o r  N-level "slmulton" pulse propa- 
gation, wlth plane waves. New resul ts  are reported f o r  
the transverse e f f e c t s  in Gaussian cross-section 
pul sss t h a t  a r e  near-resonant wi th two successive 
t r ans i t ions  in  a three-level medium. 

*~esearch  supported by t h e  US Department of Energy and 
the US Office of Naval Research. 

I 
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DB 7 Experimental Observation of Self-Induced 
Transparency Using a Train of Optical Pulses .* 6 .  3 .  

ALAMO and P.  N .  BREAUX, UNIVERSITY OF ARW\NSAS.--Co- 
herent propagation of pulse t r a i n s  througl. a .two-level 
atomic absorber has been discussed p r e v i o ~ s l y  by other 
authors. Their s tudies  a r e  based on t h e  sClf-Induced 
transparency (SIT) equations wlth t h e  a s s w p t l  on of 
zero atomic relaxation. Recently, the  e f fec t s  of re- 
laxation on pulse-train propagation have h e n  analyzed. 
I t  has been predicted tha t  a f t e r  the e n t i t y  absorber 
has relaxed t o  a t lme-repet i t ive equilibrium wlth the 
f i e l d ,  strong pulse reshaplng i s  s t i l l  p r q ~ e n t  a n d ,  in 
f a c t ,  the character is t ic  features  of s ingv-pu lse  SIT 
are s t i l l  observable with modest absorptigp lengths. 
These effects  a t  equilibrium persis t  even rlhen relaxa- 
tion i s  so weak that i t s  e f fec t  during a r ;ng le  pulse 
I s  negligible. Surprisingly, the absorber i s  s t i l l  
neither dephased nor saturated a f t e r  an arbi t rary num.  
ber of pulses. In th l s  paper, we report. the experi- 
mental observation of pulse-breakup and,pulse-peaking 
In support of the recent theoret ical  predict ions.  

t 
Supported by the Research Corporation. 

f c a l i f  .--we observe the 
a t  frequency w from e refrac- 

t ive  index grating-formed by beating two other  beams. 
also a t  w,  near the one-photon D-line resonances i n  so- 
dium vapor. There are  two components o f   impa arable i n -  
tensi ty  but different  spectra .  The f i r s t  ' s ca la r '  com- 
ponent, studied reviously by ~ a n d z u r a , l  bnd Hunphrey. 
e t  a ~ . , ~  a r i ses  %rum a grat ing of exc i t e4  sodium atom. 
Here we examine a second tensor' component which arises 
from oriented but not op t ica l ly  pumped gxwund-state 
atom5, and i s  present even when tho two grnting-forming 
beams are orthogonally polarized (and hence can produce 
no grating of excited atoms). We observe, as we ex- 
pected, that  the sca t t e r ing  by t h i s  ' tensor '  grating 
occurs mainly a t  the Dl l i n e  when t h e  grqt tng i s  
fonned by nitrogen-laser-pumped dye-lasezl pulses. We 
present a simple theoret ical  account o f  the observed 
effects .  ' 

*Work supported by the  APOSR grant No. 79-0098 and Law- 
rence Livermore Subcontract No. 7509105. 
1. S.M. Wandzura. Optics Let ters ,  4, 208. (1979). 
2. L , M .  Humphrey. J.P. Gordon, md-F. F. Liao, Optics 

Letters, 2 (1980). 

DB 9 
LASER LINESHAPE EFFECTS IN RESONANCE FLUOCESCENCE, 

' 

A .  T. Georges and S. N .  Dixlt,  Department gf Physics, 
University of Southern California, Los A n q ~ l e s ,  CA 90007. 

The effects  of different  l a s e r  lineshapes gn the inten- 
s i t y  and spectrum of resonance fluorescence from a two- 
level atom are Investigated. The l a s e r  m~del  considered 
Is  tha t  of an ideal singlq-mode lase r  operbting hlgh 
above threshold, having a constant amp1 i tude and under- 
going phase-frequency fluctuations a n a l o g ~ y s  to Brawnian 
nmtion. As the correlat lon time of t h e  Prg uency flue- 
tuatlons increases from zero to Inf lnl ty ,  t e e  laser  
llneshape changes from Lorentzian to  Gaust(3n in a 
continuous fashion. I t  i s  shown t h a t  for  ~ntermediate 
and strong f l e lds ,  the  average In tens i ty  of fluor- 
escence i n  the case of a resonant, broadbaud, Lorcntzian 
llneshape i s  higher than t h a t  In the casq of a Gaussian 
llneshape with the same bandwidth and to ta l  power. This 
i s  in contrast  to the weak f i e l d  case whe-u the  higher 
peak power of the Gaussian lineshape makes 4 t more 
effect lve than the Lorentzlan lineshape. Several other 
new resul ts  on the dependence of the spectrum and the 
two-tlme intensi ty correlat lon on the  lager  11 neshape 
are  presented. 
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Power spectrum of light scattered by a two-level atom in the presence of a pulse-train driving 
field 
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(Received 31 January 1980) 

The power spectrum of the light scattered by a two-level atom in the presmce of a coherent continuous-pulse-train 
driving field is analyzed. Separate expressions for the coherent and incoherent components of the spectrum are 
obtained. The coherent part of the spsctrum consists of a series of spikes (delta functions) which arc displaced from 
the optical canier by multiplca of the pulse repetition frequency. The incoherent spectrum can have fixed peaks at 
these same frequencies plus sidebands equally spaced on opposite sidca of these fixed peala. That is, the spectrum 
comists of a d e s  of triplets. The special care of a two-mode driving field in treated numerically and graphs of 
spectra are presented. 

I. INTRODUCTION 

The spectrum of light scattered from a strongly 
driven two-level atom has received much attention 
recently.' The experiments of Wu, Grove, and 
Ezekiela support the predictions of the theory pre- 
sented by M ~ l l o w . ~  In Mollow's work it i s  assumed 
that the atom i s  driven by a perfectly monochro- 
matic optical field. It is the purpose of the pres-  
ent paper to  extend Mollow's work to the case of 
a pulse-train driving field such a s  that produced 
by a mode-locked cw dye laser.  As in the Mollow 
theory, it i s  assumed that the atom has come to 
equilibrium with the driving field through radiation 
damping. 

II. THE THEORETICAL MODEL 

Following Ref. 3, we consider a single atom 
fixed at  the coordinate origin and driven by a near- 
resonant classical4 optical field. The atom fluor- 
esces  through its interaction with a bath of quan- 
tum field oscillators. It i s  assumed that only two 
atomic levels a r e  involved in the interaction: 10) 
and Il), having energies 0 and tiw,, respectively. 
The following atomic operators may be  defined at 
t = 0 in the Heisenberg picture: 

b;, i s  the annihilation o p e r a e r  for the quantized- 
field mode with wave vector k and polarization 
index s(= 1,2), c~-, is  its frequency, Gi,, is  its 
polarization vector, and V i s  the quantization 
volume; c@, t) represents the positive frequency 
part of the classical electric field, with polariza- 
tion vector 2,. Near resonance, the dipole inter- 
action Hamiltonian may be approximated by 

H,W= - (l/fi)[ai(t)ji  .l?~*'(O, t)+ a(t)ii* . l?'-'(0, t ) ]  , 
(4) 

where ;= (1 I ~ ( O ) ,  with 2 being the atomic-dipole- 
moment operator (at t = 0 in the Heisenberg pic- 
ture). We write, for the positive frequency 
part of the classical driving field, 

where w is the optical ca r r ie r  frequency, c,(t) and 
ca(t) a r e  real  quantities representing the field 
envelope at  the position of the atom, and the time- 
independent factors have been inserted for later 
convenience. In Ref. 3 (Eq. 3.16), the classical 
driving field was assumed to be perfectly mono- 
chromatic (€, and €, constant). In the present 
paper, we generalize this work by assuming that 
the driving field is that of a pulse train. Thus c, 
and €='are  assumed to be repetitive with period 7,: 

a(0) = 10)(lJ ( l a )  cl(t+ T,)= cl(t) , ( 6 4  
and ~ z ( t  +r,)=<a(t). (6b) 

at@)= 1 . (Ib) As discussed in Ref. 3, the positive-frequency 
The electric field operator may be decomposed part of the scattered field is given approximately 
into i ts  positive and negative frequency parts: by 

%(F, t )= (i/JZ)[E'(*fr, t ) + I ( - y ~ ,  t)], (2) 
EEI'*yr, t ) = $ ( ~ ) a ( t  - r / c )  +E;)(F, t) , (7) 

where 
where 

%'+YF, t) = c (F, t)d,+ i (ffw;/~)@)2*e;,,b-,,,(t)e'~'; $ a )  3 (3,/2finc29)T x 6 x'f) (8) 
t, s 

(3) and &(F, t) is the "freely-propagating part" of the 
and B ~ Y F ,  t)  i s  given by the adjoint of (3). Here electric-field operator-a linear combination of 
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Revious cpKlusiom on the propagation of ullrashort light pulses in a resonant medium arc 
found lo In k is no physical basis for rejecting the nd u and dn u solutions. 

I 

Mishkin?, Harney writes solutions for the pulse envelope i" 
the follomng form 1 

I 

In a recent Paper in this journal') and elsewhere'). Harney has presented an 

1 E=Eoe(u) with u = - ( t - d y ) ,  

analysis and extension of Mishkin's)) treatment of ultrashort optical pulse 
train propagation in a resonant two-level medium. His major conclusion war 
that the dn u and nd u Jacobi elliptic analytic solutions to the 

I 

*heren and A am ,+.term. 
vector is unity. med by the rcyuikment thai the length of the i 

Maxwell-Bloch equations are unphysical. We wish to point out that bs - 
conclusion is in error. r 

I 

where e(u) is a Jacobi elliptic function of modulus k, is a characteristic a 

and " is the pulse velocity.  he four forms H a m y  are &'en by 

basis for rejecting the dn u and nd u forms, noting that for these forms, 
%<-I whereas physically the inversion should be 3- 1. We want to point 
out that the identification of qo as an "initial inversion" is untenable in the 
case of the dn u and nd u. This incorrect interpretation was apparently 
suggested by the form of eq. (3). in which it appears that q takes on the value 
?I when the field e(u) is zero. The error lies in the fact that for the dn u and 
ndu fonns with kz < 1, the field never goes to zero. Thus at no time in the 
cycle does the inversion q take on an unphysical value, and there is no basis 
for discarding the dn u and nd u forms as unphysical. 

As Harney pointed out, the solutions obtained with the sd u and nd u are 
identical to those obtained with the cn u and dn u, respectively, except for a 
hnslation of the time origin. Thus the full range of physically allowable 
solutions is given by 

( )  . 

and 

cn(u) with &=2Wr ! 
with &=ZIT (2) i 

~d(u)  with &= Zk(1- kz)lnlT 

"d(u) with E,, = 2(1- k3'n/, 

where uo is arbitrary. K(k) is the complete elliptic integral of the first kind- In 
an effort to make these identities clear he discusses the experimental dis- 
tlnguishabi~ity of the sd u form from the equivalent cn u and the nd form 

from the dn u. In this discussion, he compares the pulse energy and pulse area 
the equivalent forms to argue that they are indistimishable- However* his 

graphs of "energyn vs k appear to support the opposite viewpoint. In fact* he 
States that the cycle energy goes to infinity as k +  1 for the sd u and nd but 

remains finite for the cn u and dn u. The is that the quantity graph? 
(in fig I of ref. 1) is the energy divided by &. & has a daerent expllclt 
kdependen~e for each different form [Eqs. (2)]. Thus these curves 
m e c t l ~  Show the dependence of energy on k unless it is assumed that 5 
held constant by making vary with k However, r is then a different funchon 
Of in each of the four forms [ms .  ( 3 1  and there is no basis for comparisO.n 
Of his four curves. We note that for the same k and r, the energy the sd Is 

,Of the same as that pf & c9mspondin. cn U arid the enera of the 
nd is the same a< &-of the dn u. 

I 
ne cOmpanent Of the atolllic Bloch vector representing the inver,sion is dven 1 
by 

I 

i =, 70 + !EOTA~~U),  (3) i 
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Effects of Relaxation on Coherent Continuous-Pulse-Train Propagation 

Mark A. Newbold and Gregory J. Salamo 
Department of Physics,  University of Arkansas. Fayettevilk.  Arkansas 72701 

(Received 29 January 1979) 

We have analyzed the effects of relaxation on coherent pulse-train propagation through 
a two-level absorber. It is shown that after the entire absorber has relaxed to a time- 
repetitive equilibrium with the field, the characteristic features of single-pulse self-in- 
duced transparency are still predicted. 

Coherent propagation of pulse trains through a 
two-level atomic absorber has  been discussed 
previously by other Their studies 
a r e  based on the self-induced transparency (SIT)' 
equations with the assumption of zero atomic r e -  
laxation. In the present paper, the effects of r e -  
laxation on pulse-train propagation a r e  analyzed. 
It is shown that after the entire abosrber has r e -  
laxed to a time-repetitive equilibrium with the 
field, strong pulse reshaping is still present and, 
in fact, the characteristic features of single- 
pulse SIT a r e  still observable with modest ab- 
sorption lengths. These effects a t  equilibrium 
pers is t  even when relaxation is s o  weak that its 
effect during a single pulse i s  negligible. Sur- 
prisingly, the absorber is still neither dephased 
nor saturated after  an arbi t rary  number of pulses. 
Therefore SIT phenomena should be observable 
on the continuous, high-repetition-rate trains of 
pulses which have recently become available with 
mode-locked cw dye lasers.  Furthermore, shape- 
preserving pulse-train propagation, such a s  that 
described in the earl ier  studies, may be observ- 
able. In the ear l ier  studies, analytic pulse-train 
solutions to the SIT equations were found but no 
mechanism was proposed for  the atomic variables 
to  attain the necessary special initial state. It is 
shown here that with weak relaxation present, the 
atomic variables relax to  correc t  values to allow 
shape-preserving propagation of the analytic 
pulse-train envelopes. An analytic expression 
for  the atomic Bloch vector is given in this limit. 

For  a Am = O  electric dipole transition, we a s -  

sume a linearly polarized plane -wave electromag- 
netic fielda 

%(t,z) =&e^(Fi/d)cos(wt+ c p ) ,  

where t is retarded t ime (laboratory t ime - z/c); 
&(t, z) and cp (t, z )  a r e  slowly varying envelope 
functions; d is the magnitude of the transition 
dipole moment; ê  is a constant unit vector; z is 
propagation distance. We assume that this field 
is interacting with a two-level absorber described 
by the Bloch vector 3 = (u, v, w). The reshaping 
of the envelope functions i s  given by the reduced 
Maxwell equations7 : 

@/a2 =[a/2og(0)l(v(t, Z,  AW))., , ( la)  

The angular brackets denote averaging [weighted 
by the atomic line shape g ( ~ w ) ]  over Aw, the off- 
resonance parameter for the atoms [Aw = (atomic 
resonance frequency)-(field-carrier frequency)]; 
a i s  the ~ e e r ' s - l a w  (weak monochromatic field) 
absorption constant. The time development of 
the Bloch vector 5 = (u, v,w) is given by the Bloch 
equations: 

where the dot denotes a/at. The t e rms  involving 
Tl and T,' allow the atom to relax to i t s  ground 
state when & =O. A Bloch vector of length l e s s  
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Physics for architects 

Gregory J. Salamo, John A. Brewer, and James A. Berry 
Physics Department, University of Arkansas, Fayetteville, Arkansas 72701 
(Received 28 February, 1978; accepted 30 June 1978) 

We describe a program which was prompted by and designed to satisfy the modem needs of 
architects who will be confronted niore and more with the constraints imposed by the 
principles of physics, particularly those relating to energy. The program is designed to make 
clear, through lectures and laboratory investigations, the relationship between concepts in 
physics and practice in architecture. It is designed to help the student of architecture 
recognize that the behavior of a structure is as much a part of his creativity as the structure 
itself. Experiments range from individual labortory experiments to group around-the-campus 
experiments. 

1. INTRODUCTION 

About 2'12 years ago, the physics department at  the 
University of Arkansas initiated a new program called 
Physics for Architects.' This program was prompted by and 
designed to satisfy the modern needs of architects who will 
be confronted more and more with constraints imposed by 
physical principles, particularly those relating to energy 
conservation. In this paper we describe the program and 
report initial results which, judging from student and peer 
evaluations, has been very successful in relating physical 
principles in a dear  and interesting way to architecture. 

The unifying theme of this new program is the relation- 
ship between the principles of physics and the practice of 
building and operating structures for man's use. It is actu- 
ally easy to develop this theme since the relationships be- 
tween the principles of physics and those of architecture are 
enormously large. For example, every architectural student 
has a strong appreciation for knowledge of the structural, 
thermal, acoustical, electrical, and optical behavior of 
structures. Each of these areas can be developed in a logical 
way using very fundamental and traditional concepts of 
physics. In this sense, our program differs from traditional 
physics courses only by its goal and the examples chosen to 
demonstrate the application of a physics concept. 

In addition to these rather clear relationships between 
physics and architecture there are also several more subtle 
points which are worth making. For example, it is not too 
difficult to show that artistic creativity will very often follow 
developments in our scientific understanding of nature. The 
laserium and similar art shows with light are current ex- 
amples of this idea. Gothic architecture is a good example 
demonstrating how our "understanding of the times" per- 
vades the "art of the times." The period during and shortly 
after the time of Newton, the so called "age of reason" is 
another good example of how a change in scientific outlook 
on nature is followed by a similar change in the arts. Not 
only is this parallel expected but there are several precedents 
as well. For this reason, a student of architecture with 
knowledge of our current concept of nature will have an 
increased opportunity to be creative in his architectural 
design. 

Another interesting point worth making is the relation- 
ship between the "technology of the times" and current 
practices in architecture. This relationship can be made 
clear through the use of laboratory equipment which the 
student of architecture can choose to continue to use during 
his practice as an architect. For example, state of the art 

acoustical equipment can be used to measure noise levels, 
reverberation times, etc., during laboratory investigations 
with the idea that such exposure will encourage the potential 
architect to continue to use similar equipment in the future. 
This approach can be complemented in the lecture by em- 
phasizing that order of magnitude calculations are often 
easy to perform and can be extremely helpful in designing 
new types of structures. Together, the laboratory and lec- 
ture can develop the attitude that the student can be 
quantitative in almost any aspect of architectural design as 
well as make a measurement on the performance of a 
structure in order to test the accuracy of design. 

This brings us to another interesting and subtle point 
which is that phyiscs is a very deductive type of science and 
deductive reasoning is particularly important to designing 
an energy conservative home as well as one that utilizes the 
sun in an effective and efficient manner. Therefore, the 
experience in deductive reasoning can be an educational 
advantage to the student of architecture, particularly if it 
is emphasized and made clear in the Physics for Architects 
program. 

To affect the attitude of the developing architect at an 
early stage is indeed a valuable contribution. Today's ar- 
chitect, perhaps more than ever before, needs to approach 
his practice with the attitude that a structure which func- 
tions properly, is energy efficient, and as self-sufficient as 
possible, has an artistic beauty all its own. In essence, he is 
creator not only of the structure but of its behavior as well. 
For the architect, physics is simply a quantitative but in- 
tuitive study of the behavior of materials and structures 
under various types of loads. Having the knowledge of how 
materials and structures behave under loads and the ability 
to predict their behavior in new situations, the architect has 
a tool which will aid him in the development of his creative 
ability to design beautiful and correct structures. 

11. STRUCTURE OF THE PROGRAM 

In Physics for Architects, students participate in 3 h of 
lecture and 2 h of laboratory investigations each week 
during the I -yr (fall and spring semesters) program. In the 
lecture students are introduced to concepts in physics with 
particular examples relating to architecture. During the 
laboratory investigations, the concepts discussed in lecture 
become visible and the relationship between a principle of 
physics and an application in architecture is reinforced. The 
lecture points out that many concepts, such as acoustical 
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