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Foreword

Selecting the research efforts to be highlighted in the
Israel Atomic Energy Commission's Annual Report from
the large body and broad spectrum of ongoing work is not

Gideon Frank
Director General
Israel AEC

an easy task. The extensive bibliography of published
results attached to the report attests to the scope of this
difficulty. Of the many worthwhile projects, four were
chosen to represent best the current trends in the continuing
R&D program at the research centers of the Israel Atomic
Energy Commission.
One of these trends is the growing cooperation with
private industry, in an attempt to gear our R&D programs to
respond to market demands. Another feature, noted already
several years ago, is the extensive collaboration of our
scientists and engineers with colleagues at other institutions,
in Israel and abroad. Some of the work reported is part of
evolving

international

industrial

cooperation

projects,

illustrating both these trends.
Following a trend common to many nuclear research
centers around the world, a substantial part of our research
effort is non-nuclear in nature. This is illustrated in the first
article, which deals with advances in the application of
non-linear optics

in diverse

fields

of

science

and

technology. These include state-of-the-art solid-state lasers,
rapid modulation of light signals, development

and

generation of tunable sources of coherent light, optical data
storage and the microscopic probing of biological and
inorganic samples. The present work reports on a range of
R&D, from the fundamentals of non-linear optical materials
to

proof-of-principle

demonstrations

of

non-linear
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subwavclength resolution microscopy, to fabrication of
prototype commercial tunable laser systems
The

second

characteristics

report

considers

the

microstrain

in some alloys using X-ray

diffraction

(XRD). The research utilizes XRD line broadening effects
to study the characteristics of alloys from
prepared

surfaces.

These

characteristics

especially

include

the

homogeneity of alloying, hardness and residual thermal
stress. Although this work is of a more basic nature, its
applications are already in sight.
The third report describes the utilization of passive,
dry-air cooling systems for major installations, such as
cooling the containment of the Westinghouse

AP-600

advanced pressurized water reactor. Good and economic
passive dry-air cooling systems would be among the best
solutions for containment cooling at inland sites, especially
in arid areas.
Noninvasive

medical

diagnostic

methods

utilizing

radioactive materials have been standard far many years.
The most common of these relies on using a gamma camera
to determine the distribution

of injected

or

ingested

radioisotope-labelcd compounds in the human body. The
30-year-old camera technology, although vastly improved
over the years, is still handicapped by energy and spatial
resolution limitations of the detectors, by the size and bulk
of the instrument and other technical problems. The need
for further development of an improved, more efficient and
compact imaging system is clear. Such a system, based on
solid-state detectors, is described in the last report.
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I would like to commend the authors of the selected
presentations as well as the entire staff of the Israel Atomic
Energy Commission for their valuable contributions and
achievements and wish them all further success in their
continuing fruitful endeavors.
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The Nonlinear Optics Group (NLOG) at Soreq NRC
is engaged in the development of fundamental and applied
technology in the related fields of nonlinear optics and laser
development. Our work in nonlinear optics started with the

Advances in
Nonlinear
Optics and
Laser R&D

goal of improving laser performance. These efforts were
successful and opened the way for R&D in nonlinear optics
for other applications. Today we use nonlinear optics to
enable continuous tunability of lasers, control the path of

S. Jackel, Z. Kotler,
R. Lavi and
S. Sternklar

light beams, modulate a light signal rapidly, provide optical
data storage, and supply new means of microscopically
probing biological and inorganic samples.

Technology

maturation and interaction with users will show which

1. Summary

aspects of nonlinear optics will make the most impact.
Activities to be discussed in this report include:
1. Development of flashlamp, diode-laser and laser pumped
solid-state lasers.
2. Optical parametric oscillators and sum frequency mixing
devices for coherent light generation throughout the
visible and infrared portions of the spectrum. These
devices are based on the application of commercial
single domain crystals and on Soreq fabricated
periodically poled bulk and waveguide confined crystals.
3. Nonlinear optical materials development with the goal of
designing organic materials which exhibit nonlinear
absorption (reverse saturable absorbers), electro-optic
polymers, and lasing materials for use in disordered
highly scattering media.
4. Development of remote sensing systems based on the
technologies developed by the group.
5. Subwavelength nonlinear microscopy effects.
Project sponsors include the Israeli and United States
Governments and Israeli private industry. Inter alia,
commercial products have been developed.
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2. Loser development

One of the group's long term goals is the development
of high energy compact laser systems.

2. /

Flashlamp pumped
lasers

To put this into

perspective, the aim is to build shoe-box-size lasers that
emit up to 10 Joules, and table-top lasers that produce up to
1000 J. In all cases, generation of a high quality laser beam
is a must. High laser output implies even higher pump
energies.

Flashlamp pumping of high energy solid-state

lasers is widely used because of its low cost and easy
scaleability to high energy.
We are well on the way to reaching the goal of
developing high energy solid-state lasers. To a large extent,
our efforts were successful due to the application of unique
designs and to the incoiporation of nonlinear and adaptive
optics devices [Phase Conjugate Mirrors (PCMs) and
Variable Radius Mirrors (VRMs)]. These devices allowed
use of laser materials with improved storage capacity and
high

efficiency,

such

as

Nd:Cr:GSGG

(Gadolinium

Scandium Gallium Garnet) and Nd:glass which, due to poor
thermo-optical characteristics, were previously by relegated
to curiosity driven research devices or to low average power
systems.
To date, 1.7 J pulse energy at 7 W average power and
4 J at 1 W have been obtained in GSGG and glass lasers." 2)
Higher energies are expected, the limiting factor being
damage in polarization rotating Faraday rotators.

A test

program showed an anomalous pulse duration scaling for
Terbium (Tb) doped materials and that switching from
Terbium Gallium Garnet (TGG) to Tb:glass increased the
damage threshold fivefold (Fig. l). u> This data is a highly
significant for high fluence laser designs.
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Fig. 1: Faraday rotator damage
threshold dependence on pulse
duration and material.
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The high energy laser design uses a low power
oscillator followed by a high power multiple-pass amplifier
(MPA).

At present, the MPAs are four-pass devices

incorporating a VRM and PCM to correct for lowest and
higher order thermal lensing aberrations, and Faraday
rotators to correct for birefringence and to provide beam
path control and isolation (Fig. 2).
PCM (CH4)

Oscillator
Isolating
Faraday
Polararizer

Beam
Extracting
Faraday

1 /4x

Nd:Glass

Birefringence
Conjugating
Faraday

Fig. 2: Schematic design of a high
energy quadruple-pass phase and
polarization conjugated
multiple-pass amplifier.

Variable
Radius
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2.2 Flashlamp pumped
oscillator development

Development of Nd:Cr:GSGG and Er:Yb:Cr glass
oscillators is motivated by the twofold better efficiency of
Nd:Cr:GSGG as compared with Nd:YAG. and by the 1535
nm "eye-safe" wavelength of Englass.

The thermal

aberrations and birefringence encountered in MPAs are even
more critical in oscillators, due to the larger number of
passes through the distorting medium. We concentrated on
the application of VRMs to correct for thermal focusing,
since PCMs have not proven effective

in oscillator

applications. The VRM is an adaptive optic with one degree
of freedom, and can be used effectively to compensate for
changes in rod thermal focusing for radii of curvature of °°
to 50 cm simply by changing the spacing between two
optical elements. Figure 3 compares the performance of a
hemispherical GSGG oscillator with a conventional mirror
and with a VRM. The much broader operating range of the
laser with the VRM is quite pronounced.

Complete

microprocessor-controlled feedback makes the VRM an
adaptive optic.
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Fig. 3: Comparison of the
performance of a hemispherical
i\d:Cr:GSGG oscillator with a
static mirror and with a variable
radius mirror (VRM).
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Nd:YAG lasing at 1064 nm has been one of the
mainstays of the laser industry. Nd: YAG can, however, lase
at other wavelengths.

This offers a number of very

interesting options for various applications while retaining
all of the positive attributes of YAG. A program was
undertaken to study the lasing action of Nd:YAG at 1319
nm not only in a single frequency oscillator but also in an
oscillator simultaneously lasing at 1064 and 1319 nm.
Figure 4 shows a schematic of the dual wavelength laser.
Stable simultaneous lasing on two wavelengths using a
single lasent with substantially different stimulated emission
cross-sections is a unique achievement.
Research into dual wavelength lasers started with the
development of a model that allowed optimization of output
energies, pulse durations, build-up times, and stable
operation.

For given output energies, the important

parameters were found to be the dual wavelength output
coupler reflectivities and the lengths of the lasing cavities.
Also of key importance was the suppression of lasing on
transitions

other than

wavelengths.

those

that gave the desired

A design insensitive to changes in pump

energy was found. Using this design, an oscillator that
produced 100 mJ at 1319 nm in the single wavelength
mode, simultaneously produced 60 mJ (1319 nm) and 100
mJ (1064 nm). Timing jitter (a parameter of importance in
upconversion applications) was reduced to < ±1 ns (5% of
pulse width).
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Fig. 4: Schematic of the dual
wavelength (X1=1319 nm,
U=l064 nm) Nd.YAG laser. Rl,
R2: High reflectivity (HR) mirrors
@ X2 & XI; R3: Output coupler
with reflectivities ' Ra@ U &Rb
@X1;
R4:HR@X2&high
transmission @ XI; Q.S.: KD*P
Pockets cell Q-switch.

Rf

.

R4

R3

|-^HiNa
Q.S.

K\

Q.S.

R%

2.3 Diode pumped lasers
Diode pumped

solid-state

lasers are attractive

because: (a) their high average power performance far
exceeds that of flashlamp pumped lasers, (b) they are more
energy efficient, (c) they are more compact.

Worldwide

R&D and commercialization efforts in this field are
extremely intense. We have chosen to concentrate on the
development of high average power, high beam quality,
continuously diode pumped lasers. The reasons are twofold:
(i), the diode costs ($/watt) are lowest for continuous
diodes, and (ii), high average power lasers are the type
required in medical and industrial applications.
In general, each generation of laser that we have built
has surpassed its predecessor by an order of magnitude.( "X1)
Our latest laser, the Barak 10, is a 10 W, CW and high
repetition rate, short pulse laser with excellent beam
quality.*6' It is being exhibited and marketed worldwide.
Figure 5 presents typical performance curves for a Barak
10. Figure 6 shows a cross-section of the laser. The four
diodes are close-coupled to a specially polished and coated
Nd:YAG rod. The cylindrical surface of the rod acts as a
focusing lens that concentrates the pump beam in an area
that overlaps the low divergence mode of the Nd:YAG
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laser that we generate. Both the diode and the laser rod are
impingement cooled, i.e., water flows in channels that
approach but do not directly contact the lasing elements.
The YAG rod cooling geometry is restricted to the y
direction in order to generate a one-dimensional Cartesian
temperature gradient. This reduces birefringence losses in
the Brewster face laser rod.

Fig. 5: Performance of the Barak
10 laser. The diode pump is
continuous, whereas the Q-switch
repetition rate may be varied over
a wide range. The Q-switch may
be turned off in order to obtain a
WWCWbeam.
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50
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absorption profile

brass sleeve

section 2

Fig. 6: Cross-section of the Barak
10 laser.

Laser diode

During the 1980s and 1990s, the use of potassium
titanyl phosphate (KTP) became customary as techniques

3. Frequency
conversion devices

for growing large crystals (up to 2x2x4 cm) became
common and as competition drastically reduced the cost.
This crystal is particularly attractive for frequency doubling

3.I Periodically poled KTP
frequency doubling
crystals

of 1000 nm light because the angular acceptance minimizes
alignment and beam divergence requirements.
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The crystal is widely used with pulse pumped (flashlamp
and laser diode) Q-switched lasers that produce intensities
of tens of MW in the crystal.
CW pumped

Q-switched

lasers generate

lower

intensities and therefore efficient frequency doubling is
more difficult. Improved efficiency cannot be achieved
solely by increasing the length of the crystals because, after
a certain laser divergencedictated interaction length, the
inverse down-conversion process starts. The onset of the
inverse down-conversion is a result of accumulated phase
mismatch between the fundamental and harmonic beams. If
the phase mismatch could be eliminated, then longer crystal
assemblies or more highly focused (higher divergence)
beams could be employed.
Quasi-phase matching is a technique for controlling
the phase mismatch between the fundamental and harmonic
beams. After a certain amount of mismatch is allowed to
develop, the crystal is altered so that the polarization matrix
is reversed. The phase mismatch in this zone goes to zero,
at which point the crystal is returned to its original state.
This periodically structured crystal can have vastly superior
frequency

conversion

properties

compared

with

homogeneous bulk crystals.
The first crystal in which quasi-phase matching was
attempted was lithium niobate (LiNiO^).

Fundamental

difficulties with the fabrication technique limited the depth
of poling to only 300 |im.
We obtained exceptionally good results by working
with Periodically Poled KTP.<7> The Solid-State Physics
group at Soreq, in coordination with a group from the
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Electrical Engineering Faculty at Tel-Aviv University,
successfully periodically poled 1-cm-long KTP crystals of
high optical quality and superior nonlinear performance. In
these crystals, a periodically varying voltage imprinted a
periodic refractive index variation in the crystal. Using the
Barak 10 laser, we produced 6 W of green power in a highrepetition-rate Q-switched beam.
Other crystals with different poling periods were used
in external cavity optical parametric oscillators to produce
tunable mid-IR light.

3.2 Sum frequency mixing
Frequency doubling is the process whereby two
photons of the same frequency are combined into one, using
the catalytic action of a nonlinear crystal. Over the past
decade progress has been steady, with the conversion
efficiencies of Q-switched pulse typically reaching 70% in
KTP crystals.
Frequency tripling is another well known technique
whereby the doubled output of one crystal is combined with
the unconverted beam in a second crystal to generate a beam
at triple the fundamental frequency.

Typical tripling

efficiencies in KTP are 40%. In fact, if an appropriate
crystal is aligned in the correct orientation, any two photons
can be added together to form a higher frequency photon.
Sum frequency mixing is of interest to us because we have
mastered the technique of locking together in time two short
pulse lasers that generate photons at two

different

frequencies, as well as using Nd:YAG to generate pulses
simultaneously at two frequencies. Using Nd:YAG, we can

IAEC - Annual Report 1996
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generate photons at 1064 and 1319 nm. Doubling each laser
separately generates 532 nm (green) and 660 nm (red). Sum
frequency mixing the two fundamental wavelengths yields
589 nm (yellow). Thus, we have generated five separate
wavelengths using a single lasing material.
Using two separate Nd:YAG lasers, each lasing at
separate wavelengths, we obtained 60 mJ of yellow light at
an efficiency of nearly 30% (Fig. 7). Using a single laser
emitting two wavelengths, we obtained 20 mJ of yellow
light at an efficiency of 15%. Performance was limited by
available input energy at 1319 nm.

28y - ,V: liXI'c. I
26•\

Fig. 7: Upconversion efficiency for
the sum frequency mixing (SFM)
of 1064 and 1319 nm synchronized
pulses.
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3.3 Optical parametric
oscillators

Lasers are excellent sources of coherent light. They are,
however, limited to emitting at specific frequencies or to
confined spectral bands.

Optical Parametric Oscillators

(OPOs)

frequency

use

difference

mixing

to obtain

continuously tunable coherent light over extremely broad
spectral ranges. For instance, one of our first OPOs used
frequency tripled light from a Nd:YAG laser and was
continuously tunable throughout the entire visible portion of
the spectrum and well into the near infrared.1 '
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Difference frequency mixing (the inverse of sum
frequency mixing) is the process by which a single photon is
split into two lower frequency photons. The efficiency of
this process is enhanced, when the build-up starts from
noise, by building a resonator (two mirrors that reflect one
or both of the difference frequency photons) around the
nonlinear mixing crystal. The resulting device is an optical
parametric oscillator (OPO).
Because of the importance of 3-5pm tunable light
sources for applications such as remote sensing, we have
devoted considerable effort to the development of mid-IR
OPOs. Prior to the invention of periodically poled crystals,
we built extra cavity OPOs for attachment to high energy
lasers and intra-cavity OPOs for incorporation into lower
power, high repetition rate Q-switched oscillators.19' Figure
8a and 8b shows an example of the intracavity laser and its
mid-IR performance.

M1

Q Switch

Polarizer
M2

M3

Nd.YAG Rod
NL Crystal

Diode Array

•

Fig. 8a: MID-IR intracavity
optical parametric oscillator
(OPO) imbedded in a
diode-pumped laser.

Intracavity OPO

Nd:YAG Cavity
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Fig. 8b: Intracavity optical
parametric oscillator (OPO) output
compared to standard laser output
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Narrow line width infrared OPOs are required for
remote sensing lidar systems. Linewidth can be narrowed
by injection locking the OPO, i.e., injecting a narrow
bandwidth seed pulse or by inserting a linewidth narrowing
grating into the OPO cavity and tuning it to the appropriate
wavelength. One problem of the first approach is the need
to find a laser source that emits at the proper infrared
wavelength; the second approach has the disadvantage of
increasing the losses within the OPO and substantially
reducing the OPO output.
We have devised a hybrid solution that takes
advantage of the OPO's properties.'101" The pump laser is
narrow bandwidth; therefore, if one of the two OPO
frequencies is narrow linewidth, then the second frequency
will also be narrow linewidth. If a dye laser is tuned to the
short wavelength OPO frequency (signal), then the infrared
output (idler) will also have the desired bandwidth. The dye
laser and the OPO can be combined into a single coupled
cavity.

Narrowing the linewidth of a dye laser is easy

because the high gain of standard dye lasents compensates
for the extra losses of the spectral grating. The end result is
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a compact, efficient, and robust narrow-linewidth (0.2 cm" )
source (Fig. 9).

(a)
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Frequency [cm-1]

Fig. 9: Bandwidth of unseeded (a)
and seeded (b) optical parametric
oscillator
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Our activities are aimed at the development of new,
thermally stable and highly efficient nonlinear optical
(NLO) chromophores, as well as electro-optic (EO) and

4. Nonlinear optical
materials
development

photorefractive (PR) polymers. These materials could be
used in electro-optic integrated optical devices for ultra-fast
light modulation (EO polymers) and dynamic memories (PR
polymers).

Various

promising

chromophores

with

l,3-indandione-2-ylidene moiety as an efficient electron

4. \

Second order
nonlinear
chromophores and
polymers

accepting group within donor-acceptor push-pull polyenes,
have been synthesized and studied.

NMe,
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The electronic structure of these 1.3-diketone derivatives
can be tuned easily by the further chemical modifications
that makes these compounds

attractive

for

detailed

investigations of "structure - properties' relationships.
Second-order nonlinear properties of the chromophores are
studied by EFISH (electric-field-induced SHG). and by
Hyper Rayleigh Scattering (HRS) at 1.06|im and 1.54|u,m.
The results of |jj3 obtained by EFISH for various new
chromophores are presented below. ( 1 2 )
Table I - Results of the electric
field induced second harmonic
measurements.

Compound

Amax

}iPox IQ^esu

(ran)
|)R=H,X=Y=O.n=l

552

230*
399*

570
592
670
604

500*
966* ; 460 **
>1000*
280**

2)R=F,X=Y=0,n=l
3) R=H,X=C(CN)2.Y=0,n=l
4)R=H,X=Y=C(CN)2,n=l
5) R=H,X=Y=C(CN)2,n=0

1

534

1 (NEt2
derivative)
2
3
4
5
* In Chloroform:
** In Toluene

Electro-optic polymers were prepared from the new
chromophores as guest-host and sidegroups in optical
polymers. Corona poling techniques have been used and
thoroughly studied (high temperature poling under inert
conditions for PVK polymers). Evaluation of the EO
polymer properties is carried out by SHG from thin poled
films.
We have also studied a unique photochromic

dye

with large second-order nonlinearity. The transition is based
on a reversible formation - cleavage of a C-C bond. The
bicyclic di-indandione derivative (A.max=480nm in toluene)
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undergoes a reversible photochemical ring opening to form
an isomer (^max=640nm in toluene). This isomer constitutes
a

conjugated

donor-acceptor

system

and

exhibits

considerable second-order optical nonlinearity as found by
electric field induced SHG (EFISHG) measurements. The
photochromic conversion is observed also in the crystalline
form indicated visually by crystal color change from red to
green.
Nonlinear asymmetric zeolites, which were doped
with chromophores within the pores but which maintained
their polar ordering, were studied using the Kurtz powder
technique and two-photon absorption. High frequency
doubling efficiencies were observed (> xlO quartz). New
organic salt crystals (quinoline derivatives) which possess
polar order were also studied and found to show large NLO
activity (>2x urea) in powder tests. These crystals are UVtransparent.

The microsphere activity has developed around
several different aspects, corresponding to different physical

4.2

Optical properties

of

microspheres

effects and microsphere sizes. Typically, the activity can be
divided into two main subjects: (i) micromanipulation and
testing of nonlinear optical microspheres,

and (ii) laser

action in diffusive media.

This project is devoted to the development, study and

4.2.1 Nonlinear optical
microspheres

manipulation of microspheres with giant nonlinear optical
properties. These properties are due to degenerate spherical
optical modes of the microspheres giving rise to giant
optical

resonance (morphology

dependent

resonance
IAEC - Annual Report 1996
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MDRs). Most of the study has been dedicated to the
microlaser.
Microlasers consist of polystyrene microspheres filled
with DCM laser dye. After a careful choice of high
sphericity microspheres (~40^im diameter), we obtained
lasing from the microspheres by pumping directly with
green, pulsed laser light focused by a microscope. A typical
magnified image of a lasing microsphere is shown in Figure
10. Because the MDRs are circular modes propagating near
the surface, one obtains a strong light enhancement near the
surface.
In order to study the coupling of lasing microspheres
with different micro-optical components, we have built an
optical

tweezers

system

which

allows

precise

3D

manipulation of the microspheres. The next stage is thus to
study the coupling efficiency of a lasing microsphere with
an optical waveguide and maximize this coupling for future
micrometer-sized electro-optical devices.

Fig. 10: Magnified image of a
lasing microsphere.
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Following the recent discovery of laser action from
diffusive media containing laser dyes, we initiated a series

4.2.2 Laser action in
diffusive media

of experiments aimed at characterizing and optimizing these
effects. The applications of such inexpensive lasing media
cover the range from medical applications (especially skin
treatments) to product identification (in warehouse and
supermarket inventories).
Dye-methanol solutions containing suspensions of 32
nm diameter TiO2

(titanate) particles exhibited lasing

action when excited with

a pulsed, frequency doubled

Nd:YAG laser (532 nm). When the solution did not contain
scatterers, increases in pump power resulted only in an
increase in the dye luminescence (limited by dye saturation).
However,

when

the concentration

of the

scatterers

increased, the emission did not saturate with increasing
pump power, as occurred with luminescence, but increased
linearly.

Moreover, one could observe a measurable

reduction

of the emission

linewidth, from

tens of

nanometers down to less than 5 nm, as well as an increase in
the light emission efficiency. Similar results have been
obtained in dye-doped plastic films, showing the flexibility
of this class of materials/13'
After obtaining the preliminary results that showed
lasing-like action in dispersions of titanate nanospheres in
laser-dye solution, and the experimental evidence of
optimum

conditions

for

lasing,

our

efforts

were

concentrated on elucidation of the mechanisms which
caused the effect, in order to further optimize such lasing.
Therefore, several experimental techniques as well as a
simple theoretical model were devoloped.
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4.2.2.1 Mapping techniques

A series of systematic experiments were conducted in
which the dye concentration and the scatterer density were
varied independently, and we investigated how these
parameters affected the lasing process. It was discovered
experimentally that there exist completely isolated lasing
regimes. Figure 11 (experimental data for high pump
energy) depicts these regions. Typically, one can see three
lasing zones, one at very high dye (rhodamine 6B)
concentration, and two around 10' M dye concentration.
The high dye concentration lasing zone is not relevant to the
problem at hand and corresponds to strong chemical
interaction between titanate particles negatively charged and
rhodamine ions. However, two different regimes appear
clearly at low and at high titanate densities for roughly the
same dye concentration. The low-TiO?-density enhancement
is due to weak scattering of amplified spontaneous emission
towards

the detector,

whereas

the high-TiCVdensity

enhancement is due to trapping of photons inside the highly
scattering gain medium.

Emission Intensity (A.U.)

(Pure Dye)

-- 3000
-- 2675
2025 - 2350

Fig. 11: Parametric mapping of
diffuse media lasing
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Once it was established that a lasing effect can result
from photon trapping due to high scattering, it seemed clear

4.2.2.2 Spot size
dependence
threshold

that the threshold for lasing had to depend on the pump spot
size. Experiments with thin dyed polymeric films filled with
titanate nanospheres showed directly that the sample
macroscopic size influenced the lasing threshold.114) Three
different samples with thicknesses varying between 1 and
10|im were used in deriving the results presented in Figure
12. It can be seen that the thereshold is independent of the
thickness. However, the threshold appears to vary with L""'"
(where L is the focal spot diameter).

1.4-10°

•

1.2-10 8

•
•
•

8

1.0-10
8.0-10

7

2000 rpm
3000 rpm
4000 rpm

Fig. 12: Dependence of threshold
on pump focal spot size for lasing
in the trapped photon mode.
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With our system the lasing threshold (P,i,) can be

4.2.2.3 Photon diffusion
model

determined directly and precisely. Since the lasing threshold
is a basic parameter in lasing theory, investigation of the
effect of various parameters on the threshold enables
comparison between experiment and theory and can be
expected, therefore, to lead to further understanding of the
lasing phenomena in diffusive media.
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Using a combination of laser and photon diffusion
theory, we were able to derive analytical expressions for
critical parameters such as the threshold. Thus for the lasing
threshold as a function of pump fluence the following
expression was derived:
Plh=47ihv 1* /

(1)

where hv is the photon energy, 1* is the photon transport
length, and aif T|Q are specific parameters of the lasing
material (dye in our case). Although reasonable agreement
was obtained between the model and the experimental result
both the experiment and the theory still need improvement
in order to better understand the physical mechanisms.

4.3 Materials with

efficient nonlinear
absorption

We have studied materials which possess optical
limiting capabilities due to their nonlinear absorption
properties. Such mechanisms are known to be fast
(subnanosecond response time) and do not exhibit increased
scattering (unlike suspensions of absorbing particles). Since
two photon absorption is an intensity dependent process,
and since known materials typically have high intensity
threshold, we have directed our attention to another class of
materials: those which exhibit reverse saturable absorption
(RSA) properties. This optical limiting mechanism is
fluence dependent and rapid (on a picosecond time scale).
Strong limiting effects based on RSA have already been
demonstrated in several organic molecules. The RSA
mechanism results from excited state absorption with a
stronger absorption cross-section than the ground state (at
certain desirable frequencies). The excited state is either an
excited singlet (Si) state or a triplet (T|) state populated by
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an efficient intersystem crossing mechanism. The S —> T
transition is the main mechanism responsible for RSA in
metallo-phthalocyanines (M-Pc) and metallo-porphyrines
(M-Por). We have studied the RSA properties of heavy
metal phthalocyanines, starting with commercial products.
Commercial Pb-Pc was purified to yield two fractions:
Pb+4-Pc and Pb+2-Pc. The former fraction exhibited a much
stronger nonlinear effect than the latter. It was also found
out that oxygen in the solution induces strong quenching
effects. The quenching almost eliminates the nonlinear
effect

unless special care is taken during

solution

preparation. This is particularly true for the highly efficient
RSA material Pb-Pc, whereas it was found to play no role
for Zn-Pc. Z-scan measurements carried out in toluene
solution with a 10ns pulsed laser at 532nm yielded the
absorption cross-sections shown in Table 2 (fit based on a
model assuming efficient and fast S—VT transition, and longlived T state).

M-Pc

^34

034/001

Pb +4 -Pc

2.75

188

68

Pb +2 -Pc

4.75

18

3.8

Zn +2 -Pc

Table 2 - Absorption cross-sections
measured for reverse saturable
absorbers (RSA).

98

As can be seen from Table 2, the reduced fraction of
Pb-Pc has a much lower nonlinearity. The sensitivity to
oxidation state of the molecule led us to investigate of the
effect of oxidation. For this purpose we recently initiated
electrochemical studies of Zn-Pc which is not sensitive to
the presence of oxygen. A specially designed cell, suitable
for electrophotochemical investigation, is in preparation and

IAEC - Annual Report 1996
21

IAEC - Advances in Nonlinear Optics and Laser R & D

will enable investigation of oxygen-sensitive compounds
such as Pb-Pc. Solid samples of sol-gel containing Zn-Pc
have also been prepared. Specially designed mctallo-Pc
compounds are currently being synthesized. These new
materials will enable us to elucidate the role of side groups
in RSA activity as we change from strong donors to strong
acceptors.

5. Remote sensing

Laser-based remote sensing systems arc ideal for
detection and analysis of air, water, and land-surface borne
chemicals, because there is no need for close physical
contact between the sensor / operator and the unknown
agents, and because the range and field of view of the
detection system may be large. We have concentrated on
the development of Differential

absorption lidar (DIAL)

techniques. In this technique, one looks at the absorption
spectra of the target molecules.

By analyzing two

frequencies per absoiption feature, one at the absoiption
peak and one just beyond the absorption line (looking at the
background), signal variations due to extraneous sources
can be factored out and the system sensitivity can be
increased substantially.
Many chemicals have strong absorption features in the
infrared.

For this reason our IR OPO development has

found an ideal application. A DIAL OPO must not only be
tunable to the right frequency, but must also be frequency
stable and must produce photons on and off the absorption
line. Our work has shown that narrow linewidth OPOs are
not suited to the requirements of DIAL systems. Instead, it
was found that OPOs with a spectral width that extended
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several times beyond the width of the targeted absorption
line had the required characteristics of frequency stability
and on / off line photon production, as well as simplicity of
design.
To use this wide bandwidth DIAL transmitter required
the development of a special detection technique.(lri> Soreq
is the first to utilize this gas-correlation receiver (GCR) in
an active DIAL system. Simply put, the GCR splits the
return signal into two branches: one part goes directly to a
detector and gives a measure of the total return signal; the
other part goes through a cell containing a sample of the
chemical being sought, and then to a second detector. If
there were traces of the chemical in the atmosphere, then the
absorption feature would have reduced the on-line light
intensity even before the gas cell was reached. The extra
absorption of the gas cell would have a relatively small
effect.

If there were no traces of the chemical in the

atmosphere, then the gas cell would have a relatively greter
effect

This procedure can increase the sensitivity one

hundred fold over that obtained with conventional DIAL
systems.
Optics is usually considered as useful for devices
larger than the wavelength of the light. This is due to the
fact that the interaction of light with sub-wavelength

6. Nonlinear optics
and light-matter
interaction in the
near-field regime

features, in any medium, leads to energy loss through decay
in the form of evanescent waves. However, in recent years
great strides have been made in the development of
microscopes (near-field

scanning

optical

microscope,

or NSOM) which break this diffraction barrier. Light which
is forced through sub-wavelength apertures can sample and
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acquire information concerning sub-wavelength spatial
features in media which are in the 'near-field'of the light,
i.e., at distances smaller than the aperture's diameter. In this
fashion, images are acquired with a resolution much higher
than the diffraction limit would normally allow.
The Nano-Optics Laboratory at Soreq NRC is
dedicated to the theoretical and experimental study of
nonlinear and other types of light-matter interactions in the
sub-wavelength
developed

spatial

include

regime.

high-density

Applications
optical

to

be

memories,

nano-sized optical devices for integrated optics, and
improvement of the NSOM technology for imaging.
A theoretical study of the interaction of light exiting a
sub-wavelength aperture with Kerr medium (where the
refractive index n depends on the light intensity I via
n=n0 + n2-I), leads to new and unexpected predictions
concerning the light's response.'l6> Due to the strong spatial
gradients in the light intensity, it is possible to induce
convergence of the light through interaction with a negative
Kerr medium.
effect.

Figure 13 displays this "light-bunching'

We are currently studying other configurations in

order to optimize and possibly create self-channeling of the
sub-wavelength

light.

This

would

have

important

applications, for example in forming sub-wavelength wave
guides and in guiding light through
apertures with improved efficiency.
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Fig. 13: Self-convergence of light
with sub-wavelength spatial
dimensions.
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X-Ray
Diffraction
(XRD)
Characterization of
Microstrain
in Some
Iron and
Uranium
Alloys

IL9906627
The high linear attenuation coefficient

of steel,

uranium and uranium based alloys is associated with the
small penetration depth of X-rays with the usual wavelength
used for diffraction. Nevertheless, by using the proper
surface preparation technique, it is possible of obtaining
surfaces with bulk properties (free of residual mechanical
microstrain). Taking advantage of the feasibility to obtain
well prepared surfaces, extensive work has been conducted
in studying XRD line broadening effects

from

flat

polycrystalline samples of steel, uranium and uranium
alloys.
The XRD line broadening analysis has been used as a
semi- quantitative method for measuring nonhomogeneity
of alloying, hardness, Izod notch toughness, fracture
toughness and residual thermal stresses. Good correlation

G. Kimmel, D.
Day an, G. A. Frank
and A. Landau

between the microstrain and properties such as hardness and
toughness was found after heat treatments and cold work.
Comparable correlation was found between the microstrain
in the supersaturated a-uranium phase quenched from the 7
region, and the concentration of the alloying elements. The

1. Summary

measured microstrain in the supersaturated a-uranium phase
was used as a quantitative indicator for determination of the
solubility limit of Ta and W in 7-uranium.
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2. Introduction
X-ray diffraction (XRD) is a valuable technique that
can yield considerable information

on structure and

properties of crystalline materials. This technique not only
identifies the phases present in a sample but can provide
more

information

from

the peak profiles,

allowing

determination of crystallite size and microstrain, on the
structure of crystalline phases.
For perfectly periodic ideal crystals the intensity profile
can be described as shock spikes placed at the solutions of
Bragg's equation:
X=2dsinO

(1)

Where X is the X-ray wave length , d is the interplanar
spacing (//-spacing) and 9 is the scattering angle (Bragg's
angle).
For real polycrystalline materials the intensity profile
tends to be broader due to two main

imperfections:

Scattering from small coherent domains (Scherrer, 1918),
and internal microstrain associated with variations in the
d-spacing of the scattering crystals (Stokes and Wilson,
1944).
The experimental intensity profile can be regarded as a
convolution of two profiles. The first is from a real
polycrystalline sample and the latter is due to non-ideal
experimental conditions. The letter is known as the
instrumental profile and its broadening arises from factors
such as, axial divergence, flatness, transparency and surface
roughness of the sample (Wilson, 1962).
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In order to extract the real crystal profile from the total
broadening, it is necessary to deconvolute the instrumental
broadening from the experimental profile. The full width at
half maximum (FWHM) is used as a measure of the total
broadening in this work. By performing line profile fitting to
the experimental diffraction results, the FWHM is evaluated
for every diffraction peak . Fitting the best polynomials (in
this case second order) to the sample's and to a reference
samples FWHMs as a function of

9 gives a continuous

representation of the experimental B(0) and instrumental
b(0) broadening, respectively. The deconvolution of

b(9)

from B(0), i.e., the calculation of the broadening coming
from the real crystals fH0), can be obtained by one of the
following equations:
(K0) 2 =B(0) 2 -b(0) 2

(2a)

[KB)=B(0)-b(0)

(2b)

Equations 2a and 2b assume Gaussian and Lorentzian
forms of diffraction peaks, respectively. This assumption is
rarely true and has to be regarded as an approximation. In
cases where most of the experimental broadening arises
from the sample, i.e.. B(0)"»b(0)~ both equations give
good approximation for P(0) (King and Alexander. 1974).
Only such cases will be considered in this work.
The strain e and the coherent domain size L can be
obtained by Klug-Alcxander dependence:
fi2cos\Q)=QJL)2+16r.sm2(9)
(Q)
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This expression can be derived from Bragg's equation
by assuming Gaussian or Lorentzian broadening functions
for both strain and size. Although this assumption does not
agree with the opinion that Gaussian and Lorentzian
broadening arises from strain and size effects respectively
(Haider and Wagner, 1966; Gupta and Anantharaman, 1971;
Nandi and Sen Gupta, 1978), we used this dependence for
two reasons: (i) in this work the strain effect is more
dominant; and (ii) the strain and size are evaluated by linear
regression of $2cos(Q) vs sin2(Q) termed Williamson-Hall
plot (Williamson

and Hall,

1953; Langford,

1992).

Therefore, if Klug-Alexander dependence is not a good
approximation for the systems analyzed in this work these
will be, poor linear correlation.
Due to the high attenuation factor of uranium and
steels, the X-ray penetration depth is relatively small
(2-5\im).

Hence, the information

obtained

by XRD

broadening analysis is relevant only to the surface. Thus,
gaining information about the bulk by this method depends
upon surface treatments that will erase surface damage
resulting from polishing and grinding. Because mechanical
polishing can introduce strains into the surface, other
methods for peeling of damaged surface layers have to be
used, leaving only the effects in the bulk material.
An

enormous

number

of

steels

with

different

compositions and properties is used as one of the principal
structural materials. The proper process needed to achieve
the desired assets is well documented. The preferred
commercial materials is those which tolerate deviation in
process conditions

without damaging the final quality.
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However, the ability to maintain small tolerance of some
characteristics with a wide range of production conditions is
not always clear and the desired quality is not easy to attain,
due to the poor sensitivity of the characteristic. For example,
the density

and

the composition

will

not

change

significantly within a wide range of tempering conditions
for certain steel. The correlation between XRD line width
and the condition of steels is well known. In residual stress
measurements the broadened diffraction lines oi~ some steels
are inconvenient and special care must be taken for the
determination

of

line position

(Kurita,

1991). Line

broadening analysis is currently studied in plastically
deformed metals and in ball milled iron powders (Wagner
and Aqua, 1963; Ungar, 1995) in order to investigate
unisotropical distribution of internal stresses. In the present
work we studied XRD broadening effects in steels, in
samples with different mechanical properties, in order to
determine

whether

mechanical

properties

and

XRD

broadening are correlated.
Iron exhibits three solid phases before

melting at

= 1540°C. The solid phases consist of the following
crystallographic structures: 8(1400-1540°C) is cI2. i.e.,
tungsten type; 7(910-1400°C) is cF4, i.e., copper type; and
a(below 910°C) is cI2 also, but with smaller lattice
parameter.
Rapid cooling of steel from the 7-phase to the a can
produce a highly distorted supersaturated phase with a tI2
(body centered tetragonal) structure designated by a'. This
phase is created by athermal martensitic transformation and
gives rise to a hard and brittle product.
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Uranium with a melting point of approximately 1132°C
has three phases: 7 (775-1132°C) is cubic-c/2; p*(668-to
775°C) is complex tP30, i.e.. primitive tetragonal with 30
atoms

per

unit

cell

and

a

(below

668°C)

is

orthorhombic-cO4 (Burke & al., 1976). As determined by
X-ray measurements, the y—>(3 and (3—>oc transitions are
accompanied by volume decreases of 0.70% and 1.12%
respectively (Chiotti et al., 1959). Studies with pure
uranium have shown that neither of the high temperature
phases, y or (3 could be retained by quenching. The addition
of various solutes to uranium enables one to obtain the
isothermal martensitic transformation (}—>a or the athermal
transformation

y—>a. The final

product is generally

supersaturated with the solute and slightly distorted. Those
phenomena are related to the cooling rate and composition
of the uranium base alloys. The U-Ta, U-W and U-V alloys
belong to binary systems with low solubility in the
y-uranium; (Sailer and Rough, 1952). Schramm et al., 1950;
Dayan et al., 1994; Kimmel and Dayan, 1995; Dayan and
Kimmel,

1996. Rapid cooling from

the y-phase is

accompanied by the formation of a'-phase. The high
strength and hardness of the quenched samples and the
nature of the broad diffraction patterns, indicate that a state
of non-uniform microstress exists in the alloys (Douglas,
1961). After prolonged annealing at high a range, the
broadening effects of y quenched uranium alloys are
suppressed due to complete segregation of the solute and
other impurities.
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In the present paper we report on XRD line broadening
effects in pure uranium and in various uranium alloys
caused by different heat treatments, alloying, cold work, and
surface

preparation

techniques. We also show that line

broadening analysis may become a sensitive tool for
evaluation of Izod notch and fracture toughness in steels and
in uranium alloys, respectively.

3. Experimental
Techniques
3.1 General
methodology

The XRD analysis was performed with a Philips
diffractometer

using

monochromatic

Cu-radiation

(/,=(). 15406 nm for the Ka] characteristic line). The K|i was
removed by a reflected beam graphite monochromator.
X-ray data were taken from 20 to 150° 29, while scanning in
steps of 0.02° (26) with counting intervals ranging from 0.5
to 8 sec per step. The multiline integral breadth method
(Williamson and Hall.

1963) has been adopted

for

evaluation of the mean coherent cell size and the average
microstrain. The Williamson-Hall

procedure

has the

advantage of speed and convenience (Guillou et al., 1995).
and it has been utilized in other recent studies

such as

Langford ct al. (1993) and Louer (1994). A similar method
was presented by Langford et al. (1986). Utilization of the
more powerful Fourier (Warren-Averbach), variance and
related methods was abandoned at this stage because most
of the diffraction lines in uranium are not well resolved, due
to the low symmetry of U-tx structure. Moreover, in case we
find an isolated line in the lower Bragg angles, such as 020
or / / / , the higher orders of these reflections are indistinct
and too close to other lines. This limitation of the
Warren-Averbach method has been mentioned in earlier
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work (Langford et al., 1988). Nevertheless, utilization of
the Fourier (WA) methods is investigated now.
The followings procedure have been used for the line
profile analysis:
1. Selecting a range of the analyzed diffractograms with
some diffraction peaks.
2. Performing line profile fitting for each peak that results
in FWHM of profile, area, and height values for each
Bragg line. This procedure is done with Philips PC-APD
software, and gives a fixed FWHM to integral breadth
ratio. In our software version the fitting is made in steps
including no more than eight Bragg reflections at a time.
A typical example of profile fitting results is shown in
Fig. 1.

Fig. I: An example of profile
fitting for a selected XRD
spectrum.

62

66
26, deg.

68

70

3. Finding
the best fitted
polynomial
function
B(6)=ao+aie+a292 for the FWHM of the sample.
4. Finding the best fitted
polynomial
function
2
b(9)=ao+ai6+a2Q for the FWHM of the corundum plate
standard (NIST, 1976), simulating the instrumental
broadening.
5. The extent of the broadening effect can be examined
visually just by looking at the vertical displacement of
the B line, from the b line as seen in Fig.2 Then, by using
equation 2a or 2b, the real sample broadening b(0 ) can
be extracted.
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1.60
b - Alumina standard (N 1ST-1976)
B - Measured sample
1.20
Fig. 2: Broadening effect: a
comparison between B and b plots
vs 2q. The function B(9) is
measured from the uranium
spectrum and b(q) as obtained
from corundum plate (NIST1976).
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6. Strain and size data derived from the Williamson-Hall
plot using eq. 3 for our application are shown in Fig.3 for
uranium after cold work (forging).
0.12

0.08

Fig. 3: Williamson-Hall plot for
the case shown in Figure 2.
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3.2 Samples
preparation

0.80

Steels - The samples were prepared from several types
of steels such as carbon-based alloyed steel, plain carbon
steels

and

high-speed

concentrations are given
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toughness and hardness were obtained by different thermal
treatment, which included quenching from the y-phase and
tempering. Most samples sliced from Izod test specimens
were polished mechanically and then electrolytically

to

remove the surface damage.
Uranium and uranium alloys - Small ingots of pure
uranium U- 0.2 wt% (0.93at.%)V, U-0.75wt%Ti, and dilute
uranium tantalum and tungsten alloys were prepared in an
arc melting furnace under an atmosphere of purified argon.
The various cast samples were remelted several times and
the alloys were heat-treated in a vacuum furnace at 1040°C
for 24 h. to ensure reasonable homogeneity. Chemical
analysis, microscopy (light and SEM-EDAX) and surface
hardness were used for the structural, morphological and
mechanical characterization. The characterization of the
microstrain and coherent domain size in the different
samples was evaluated from a line profile analysis of XRD
spectra.
Several U-Ti samples were prepared for fracture
toughness

measurement.

These

samples

were

water-quenched from y treatment (20 min. at 850°C),
followed by aging at 370°C for 6 h. The fracture toughness
test took place at -40°C.
Surface preparation - In order to establish whether it is
possible to obtain reliable surfaces for XRD
uranium

and

uranium

alloys,

we

of steel,

performed

some

measurements on mechanically and electrolytically polished
surfaces of pure uranium and low alloyed steel. After each
preparation stage, an XRD analysis was performed and the
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breadths of the different

peaks were measured and then

plotted against theta in degrees.
Figure 4 shows diffractograms of tempered steel fully
annealed after mechanical polishing. (3000 mesh diamond)
and electrolytic polishing. The effect of the latter was
marked; in all lines K a r Ka.2 are split and the carbides lines
are detected. Without electropolishing, Kcii- Kco are always
overlapped and the carbides lines are hidden.
1000
900

Iron

800

\

700

£ 600
Fig. 4: Diffractograms of tempered
steel as mechanically (top) and
electrolytically (down) polished
surface.

\

§500
°400

Mechanically polished

300
200
100 - Electrolytically
0
96

Carbide
98

102

104

Figure 5 shows the FWHM versus 9 plots for these two
cases, in both of which there is uniform broadening.
Williamson-Hall treatment results in a low level of
microstrain (0.07%) and no size effect in the clectropolished
surface; and in microstrain of 0.165% and a domain size of
63 nm for the mechanically polished surface.
A flat surface of an annealed pure uranium sample was
selected for the examination of surface treatment. The flat
surface was examined by XRD after mechanical grinding
with emery papers, polishing with diamond cloths, and
finally after electropolishing in a bath containing 50 g of
chromic acid. 420 cc of acetic acid and 60 cc of distilled
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water.
—

Quenched low alloy steel, mechanical polish

O

Quenched low alloy steel, electro polish

0.80

Fig. 5: Line breadth (FWHM) of
quenched low alloy steel as
mechanically (top) and
electrolytically polished surface
(down).
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Figure 6 shows five plots of FWHM of XRD lines vs
Bragg angle 0. The sample with mechanical grinding on 180
grit paper exhibited the broadest diffraction lines.

Finer

paper (1000 grit) resulted in similar broad XRD lines.
Diamond polishing reduced the broadening effect, and
electropolishing removed most broadening effects.
Pure Uranium

1.6

Alumina standard (NIST-1976)
Electropolishing (1)
Mechanical polishing - 1 micron diamond (2)
Mechanical polishing - 1000 mesh (3)
Mechanical grinding - 180 mesh (4)

Fig. 6: Broadening effects in pure
uranium with several degrees of
surface damage.
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Similar behaviors were obtained for U-0.2wt.%V after
the same surface treatment. The results are illustrated via
Williamson-Hall plots in Figure 7.
u.ou

U-0.2 wt.%v, annealed

- x mechanical grinding-180 mesh
mechanical polishing, 4000 mesh

0.40

e
Fig. 7: Williamson-Hall plots for
U - ().2c/cwt V, after several degrees
of surface damage (see also Table
I).

electropolishing
X

X
CE
C\J
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0.30

o
o

0.20

—
—
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x
X

¥
(2)

X

0.10
(3)
0.00

/r.,

I.---.,

,''~\

f~ •

i 1, .

0.20

0

rJn

0
0.60

0.40
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Table I: Strain and size data for
uranium surfaces

Sample

j

pure uranium i

4.1 Medium alloyed
steel

Mean coherent
cell si/.e nm

iirirulin". ISO mesh j

0.33 1

31

pure uranium j polishiny 4000 mesh;

0.253

155

pure uranium i

0.043

-

0.3 1 2

26

i: -0.2 wt/.i V: polishing 4000 nieshj

0.260

150

i; -0.2 Wt/r: V!

0.063

-

U - 0.2 vvt.'r V:

4. Results

Surface treatment ; Microstrain
%

electropolishing

i

grinding 1 SO mesh j

electropolishing

j

We received from the industry several samples of 0.4%
C. 3% Cr 1% Mo steel which were gamma-quenched and
tempered

by the supplier

according

to

established

procedures of the manufacturer (oil quench from gamma
followed by tempering at 550°C). The treatments were made
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in the factory with the typical tolerance of an industrial
process. The results of the mechanical tests were within an
acceptable range without significant variations among
samples. However, the Izod notch toughness (impact test)
was not uniform, showing scattered data (20-43 J).
Typical plots of FWHM vs 9 are shown in Figure 8 for
steels with different Izod notch toughness.

A clear gap

between the total line breadth functions is evident. From the
line broadening analysis it was deduced that the size effect
was approximately

the same in all samples. STM

observations support this finding. Thus, the microstrain was
the main reason for the differences in the broadening effect.

1.6

Low impact energy - 19.6J
High impact energy - 43.1J

Fig. 8: Line breadth (FWHM) of
steels with two different Izod notch
toughness.

1.2
CD

-a

I

0.8
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0.0
0.00

20

40

60

(deg.)

Figure 9 shows that the microstrain was correlated with
the Izod notch toughness, exhibiting linear relation.
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Fig. 9: Correlation between
microstrain and Izod impact data
for heat resisting steels.

0.0
40

4.2 Heavily alloyed
steel

IZOD (J)

80

120

The high speed steel M10 is heavily alloyed (0.9% C,
0.3% Mn. 0.3% Si, 4.2% Cr, 8.2% Mo, 2% V. the balance
being Fc). The alloy is heterogeneous with two kinds of
carbides. An X-ray diffractogram (Fig. 10) shows sharp
lines of carbides and broad lines of alpha- Fe. The
difference in broadening effects between the metallic phase
and carbides is displayed in Figure 1 1.

Fig. 10: Dijfractograms of high
speed steel (M10) after
electropolishing (sharp lines for
carbides and broad lines for iron
base a phase).

80
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o
2

Q)
T3

HSS steel
Carbides

-

—

/

Fig. 11: Line breadth (FWHM)
versus Bragg angles for tempered
steel: comparison between
carbides and iron base a phase
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20

40
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60

80
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Broadening analysis of the carbides does not show size
effect and indicates only a small strain (0.06 %). The
broadening effects in the metallic structure are caused by the
size of the cells (20 nm) and by the microstrain (0.4%). This
value of microstrain exceeds the known elastic/plastic limit.
Thus, it is suspected to be a structural broadening effect,
like overlapping diffraction lines of two phases with close
lattice parameters (like two alpha-like structures of different
composition). To check this hypothesis, additional studies
using TEM, STM, etc. are needed. The scattering of steel
broadening is typical to other steels.
Nonuniform broadening effect in steels
The scattering of FWHM values around the polynomial
function (see Fig. 11) is systematic and not random. It may
be attributed to tetragonal distortion because the FWHM of
200 and 310 reflections were always higher than the average
trend. When the tempering of medium carbon low alloy
steel is completed, and all carbon has been segregated, the
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broadening becomes uniform and the tetragonality distortion
disappears (Fig. 12). However, in the HSS (Fig. 11), in spite
of the fact that the alpha Fe phase is mixed with carbides, it
still exhibits "tetragonal distortion".
Nonuniform broadening effects were found also in
ball-milled iron (Ungar, 1995) and are attributed to the
effect of dislocation contrast (Ungar and Borbely. 1996).

O

0.8

IISS steel
Low Carbon steel
(HKL=310)

O
Fig. 12: Line breadth (FWHM) vs
Bragg angles for tempered steel:
nonuniform broadening effect.
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4.3 Alloying and heat
treatments

Heat treatment of pure uranium- A pure uranium
sample containing less than 500 ppm impurities was heat
treated at 800°C for 6 hours and quenched in water. Other
samples were held at 800°C for 2 h and cooled slowly at the
furnace cooling rate. One of these samples was annealed at
200°C for 24 h and cooled slowly. The diffraction patterns
of these samples showed that, even in pure uranium, there is
a distinguishable line broadening effect after quenching
from high temperature (Fig. 13). The sample that was
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furnace-cooled

gave the sharpest diffraction

spectrum

available for uranium.
The Williamson-Hall analysis resulted in a rather small
microstrain of 0.065% in the water-quenched sample and
0.049% in the slowly cooled sample (see Table 2), both
from the same temperature (800°C).
variation

between

thermal

expansion

Considering the
coefficients

in

different directions in uranium as 15 ppm/K, thermal strain
due to of anisotropic contraction can be built up by cooling
from 320 to 440°C. According to Collot and Reisse (1971),
it is reasonable to assume that only above 420°C plastic
deformation relax all thermal stresses instantly. Thus, it is
concluded that uranium samples quenched from high
temperatures should include residual microstrain up to
0.065%, probably due to thermal stresses.

fit 1 - Polynomial-Pure uranium, 800 C, 6Hr., W.Q.
fit 2 - Polynomial-Pure uranium, 800 C, 2Hr, F.C.
fit 3 - Polynomial- Alumina standard (NIST-1976)

0.4

Fit 1

0.3

Fit 2

0.2

0.1

Fig. 13: Broadening effects in
pure U after heat treatment at
800 °C for 6 h and water quench
(Fit I) and, after slowly cooling
from 800 °C to room temperature
at the furnace cooling rate (Fit 2).
(Both samples were polished
electrolytically).

Fit 3

-

0.0
20

40

60

6 (deg.)
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Table 2: Microstrain after several
heat treatments

Heal

Sample

tlL atment

; Microstrain

pure uranium

800° C, 2h. F.C.

: 0.049

pure uranium

80()c c. 6h. W.Q.

0.064

i: - 0.2 wt/;f v

85()c c. 2h. F.C.

! 0.063

U - 0.2 vvt/r V

85()c c. 2h. W.Q.

: 0.171

FC - Furnace Cooling
WQ - Water Guenchiny

Microstrain in heat-treated dilute uranium-Ta and W
alloys - Tungsten and tantalum were reported to be
immiscible in a uranium and to have small solubility in y
uranium. We observed that quenching of uranium

with

small amounts of Ta and W from temperatures in the y
range produces very small lattice distortion; however, severe
broadening effects occur (Fig. 14). Williamson-Hall analysis
resulted in a pure strain effect (no small domains), which
increases with the concentration of the supersaturated alloy.
5000
4500
021

4000

I

3500

Fig. 14: Part of the V-Ta spectrum
after water- quenching! ) and
after slow cooling (---) from
1040"C, showing severe
broadening effect in the sample
after yquenching.
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A plot of microstrain vs concentration is presended in
Figure 15 for both alloying elements W and Ta. It should be
noted that the solubility limit was defined by the appearance
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of the cI2 structure diffraction lines for W and Ta, as well as
by SEM observations. We found that the solubility limits
for the alloys are 2.6 and 2.00 at.% for Ta and W,
respectively. These values are above the reported data for
the solubility limits in y uranium (Schramm et al., 1950),
but are beyond the solubility limit of these elements in
a-uranium. Therefore, in both cases the supersaturated state
should be assumed.
0.4
~T~ U-Ta alloys-Gamma water quench
\ /

U-W alloys-Gamma water quench
U-Ta alloys-Beta water quench

0.3
Fig. 15: Microstrain vs
concentration in quenched
samples of U with Ta and W after
g quenching, and with Ta after b
quenching.

c
CO

0.2

0.1

0.0

0.0

1.0

I
2.0
3.0
Atomic % (Ta, W)

4.0

5.0

Quenching from the p* phase resulted in different behavior
of W and Ta. Tungsten was found to be a P stabilizer. The
characteristic of the room temperature P structure of U
dilute W is reported elsewhere (Dayan et al., 1994). On the
other hand, all samples with Ta quenched from P showed
diffraction of free tantalum, without any
effect (Dayan and

broadening

Kimmel, 1996). The microstrain of

P-quenched samples is displayed in Figure 15, which shws
that the strain in P-quenched samples is in the range of
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thermal stress and independent of Ta concentration.

4.4 Microstrain and
mechanical
properties

Effects of cold work - Cold work of uranium (U-O.29S
7c
V) results in increased hardness. The hardness increases
sharply until

10% reduction

and continues

to rise

moderately but steadily. XRD studies of forged samples
showed a broadening effect which can be removed by
thermal

annealing.

After

data

processing

by

the

Williamson-Hall method, the strain component was found
to increase with the percent reduction in the same manner as
the

hardness.

The

simultaneous

characteristics, the microstrain

increase

of

both

and the hardness, is

illustrated in Figure 16. The correlation between degree of
cold work and XRD line broadening has been reported in
other alloys, for example in carbon steel (Kurita, 1991) and
in Al-Mg (Ji et al.. 1993).

0.4
^

Hardness (DPH)

D

Microstrain (%)

36

Fig. 16: Simultaneous increase of
microstrain and hardness in
forged U 0.2 wt.% V.

32
CO
CO
CD

"2
CD

28 I

24
0.

IAEC - Annual Report 1996
48

0.0

20

40
Forging (%)

60

80

IAEC - X-Ray Diffraction (XRD) Characterization of Microstrain in and Uranium Alloys

Fracture toughness - The correlation between XRD line
width and fracture toughness of U-0.75wt.% Ti samples was
evaluated. The samples underwent the same heat treatments,
solution treatment at 850°C for 20 min and water quench,
following aging at 370°C for 6 h, and displayed almost the
same mechanical properties such as tensile strength,
elongation and hardness, within

an acceptable range of

tolerance. However, the fracture toughness (FT) results were
scattered within a wide range of values. After performing
XRD line broadening analysis, it was found that the domain
size was the same for all samples, but the microstrain was
fluctuating. Figure 17 shows that microstrain and fracture
toughness are linearly dependent.
u.ou

•
Fig. 17: Correlation between
microstrain and fracture
toughness (stress intensity factor),
expressed in KSIvin.
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Effect of solubility - Since a correlation was found
between solid solution and microstrain, we deemed, it
worthwhile to check the hardness of each sample with a
metastable solid solution. The results show a simultaneous
increase of hardness with microstrain for U-Ta alloys (Fig.
18).
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0.40
-f•

Fig. 18: Simultaneous increase of
microstrain and hardness in
alloyed U-Ta as a tool for
determining solubility limit.
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5. Summary and
Discussion

The observations made in the two different system studied
were similar.
1. A surface free of polishing damage is required and
electropolishing is an efficient way to remove surface
damage in uranium alloys and in steels.
2. The strain is the main probe for a physical process in the
metallic systems. Metastable solid solutions in metallic
alloys increase the microstrain.
3. The microstrain is probably correlated with fracture
toughness as indicated in Figure 17. Such correlation
may be of scientific significance because it provides a
convenient way to study the empirical connection
between these two properties. Furthermore, it is readily
seen from Figure 8 that if the microstrain is really a
linear function of the Izod notch toughness, one can
evaluate the upper limit of Izod notch toughness for the
heat-resisting steels (by extrapolation to the point with
zero microstrain). The value of 114 J which was derived
by such a procedure is in agreement with the high values
of Izod notch toughness in steels (Wyatt and Dew-Huges.
1974). If this correlation will be established with more
data and also with fracture toughness tests, it could
become an excellent characterization tool for both quality
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control and research.
4. The correlation between microstrain and hardness or
strength is not absolutely clear. In several cases, for
example U-Ta dilute alloys, aging raised the hardness
and relaxed the microstrain. In heat-resisting steels the
variations in hardness and strength were equal for some
samples, but the microsrain differed. This point is
important because there is also no general rule which
correlates hardness with toughness. Broadening analysis
can be used as an additional tool to clarify this point.
This work showed that a considerable amount of
information relevant to the tested materials structure can be
obtained from an analysis of the broadening effects. In spite
of the fact that X-rays are mainly a near-surface probe, in
particular for uranium, most artifacts caused by improper
surface preparation can be eliminated.
Two different types of broadening effects were found:
those caused by cold work and those observed in metastable
solid solutions. In both cases the broadening effect could be
quantified using in, microstrain as the parameter in the
analysis. A correlation we found between the strain, the
amount of cold work, and the amount of an added element
For materials belonging to a similar family and when
the effect of concentration was eliminated, we were able to
obtain a general experimental dependence between the
microstrain and the hardness of the samples. In cases of
softening or hardening (by thermal annealing, aging or cold
work) we could replace the hardness test could be replaced
by measurement of microstrain. Nevertheless, we do not
claim that this dependence is a general rule; it should be
utilized only after making a calibration curve.
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It is possible that the microstrain following cold work
has a different origin from that which is induced by
metastable supersaturated solid solution. Whereas in the
case of cold work we obtained both strain and size effects,
in the supersaturated state we found mostly microstrain. We
tend to attribute this microstrain
concentration

to fluctuations

in

of the added alloying element. These

fluctuations in concentration result in an

enhanced

hardening.
The main effect of adding new elements into solid
solution is the lattice parameter distortion, which results in
shifts of the XRD line positions. In uranium the solubility
limit of most elements is less than 1% at., with almost no
change

in

lattice

parameters.

However,

metastable

supersaturated a' uranium alloys with solubility up to 5
at.%. are known in
lements, titanium,

uranium with added y-stabilizing
niobium,

zirconium,

molybdenum,

ruthenium and rhenium. (Douglas 1961; Tangri, K. and
Williams 1961;

Virot 1962. Hills et al., 1963; 1965;

Jackson et al., 1963; Anagnostides ct al., 1964; Tangri. et
al.,

1965; Jackson and Larscn.

1967; Yakel

1976).

Continuous change of lattice parameters of a' uranium
alloys was reported by many workers. Together with peaks
shifts, severe line broadening was also reported (Douglas,
1961), but without quantitative data. TEM studies of y water
quenched uranium with additions Ti and Ti+V exhibited
nonhomogeneous structures within the nano-scale (Landau
et al., 1986, 1993). Therefore, it is reasonable to attribute
the microstrain found by XRD to local fluctuations in the
concentrations of the alloying elements.
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Whereas the stability range of the 7 stabilizer elements
(Nb, Zr, Ti, Mo etc.) is very large in the y phase, in U-Ta
and U-W the solubility in 7 is limited to less than 3 at.%.
Consequently, the a structure lattice parameters in 7
quenched samples with Ta and W are almost unmodified
(Dayan et al., 1994; Dayan and Kimmel, 1996). However,
broadening effects in the a structure in 7 quenched samples
were quite obvious, and line broadening analysis was the
most sensitive method for the characterization of alloys
which are not defined as 7 stabilizers, such as U-Ta , U-W
and U-V. The correlation

between

microstrain

and

concentration of the dissolved element can be used to
measure the solubility limit in the high-temperature phase.
In the range where the microstrain

was increasing

continuously with concentration after quenching from the
high-temperature phase, it is implied that during the
solution treatment at the higher temperature, the equilibrium
state was a solid solution. The solubility limit of Ta in 7 - U
is indicated by the "saturation" of the broadening effect as a
function of (see Fig. 18). The minor difference in the
microstrain values of pure U in comparison with U0.2%wt. V after complete annealing (see Table 1), may be
attributed to an excess of vanadium which could not be
removed completely.
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1. Summary

This paper reviews several R&D activities associated
with the subject of passive cooling systems, conducted by
the

N.R.C.Negev

thermohydraulic

group.

A

short

introduction considering different types of thermosyphons
and their applications is followed by a detailed description
of the experimental work, its results and conclusions. An
ongoing research project is focused on the evaluation of the
external dry air passive containment cooling system (PCCS)
in the AP-600 (Westinghouse advanced pressurized water
reactor). In this context some preliminary theoretical results
and planned experimental research are for the fature

Passive
Cooling
Systems in
Power
Reactors
J. Aharon, R.
Harari, M. Haim,
Y. Weiss, Y. Barnea,
M. Katz and M.
Szanto

described.

The basic design requirement of novel cooling systems
in nuclear applications inherent safety.

2. Introduction

Self-operating

cooling systems are needed during all stages of the fuel life
cycle. These Passive Cooling Systems (PCS) are used in the
nuclear industry in order to act upon the overheated reactor
facilities in the wake of any possible event of emergency
scenarios, as well as to cool spent fuel in various storage
configurations.
The main characteristic of the PCS is that they do not
rely on blowers or pumps for fluid circulation. Rather, the
flow is circulated by the buoyancy forces resulting from
density gradients due to heat transfer processes from fission
products. The circular flow patterns and the resulting heat
transfer mechanisms, are termed Induced Mixed Convection
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(IMC) . In this phenomenon, defined within a confined
space, a buoyancy driven flow adjacent to the surface,
caused by the heat transfer, induces a secondary flow in the
fluid core. The secondary flow can be of the aiding or
"opposed" type, depending on the external flow direction.
These thermally derived systems are often called
thermosyphons

and

are

used

in

many

engineering

applications with various configurations. There are two
major types of thermosyphons: one in which the working
fluid is simply contained in a closed or partially closed
container, forming a cooling cycle along its boundaries (Fig.
1); and another in which the flow is thermally induced
through channels, forming an open or closed loop (Fig. 2).
In systems classified as the first type, the heat and
momentum transfer process is driven by utilizing buoyancy
forces on a fluid contained in a vessel. Therefore, a net heat
transfer, at suitable points, is required for continuous
operation and mechanical inputs are excluded. Figure 1
shows two types of thermosyphons which were investigated.

(

Fig.l: The closed (a) and an open
(b) thermosyphon.

V..-'
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Fig.2: An open (a) and a closed
(b) loop thermosyphon
•< in

7

a

\

The thermosyphons are purely free convection devices,
being either open or closed. The open system is basically
more efficient, since it is capable of removing higher heat
transfer rates. For example, in the case of an emergency loss
of cooling event in a nuclear reactor, it is necessary to
remove large amounts of heat as quickly as possible. Thus,
cooling the reactor by using an open thermosyphon
connected to a common industrial water supply located on
the building's roof seems to be quite feasible. The water
supply would form a natural reservoir for an open
thermosyphon and would allow the discharge of a large
amount of energy in it.
Similarly, passive heat removal from gas-cooled nuclear
reactors (HTGR and HTR), during a postulated Loss of
Cooling Accident, requires various engineering solutions
such as a Hot Gas Duct (HGD). The HGD is a preheated
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cylindrical duct, located higher than the nuclear reactor core
to enable the removal of the decay heat by a process of
natural thermosyphon cycle. During normal operating
conditions the lower plenum is heated to compensate for
external heat losses and to maintain along the HGD, a
constant temperature necessary to direct the flow in the
passive cooling cycle. A buoyancy-driven downward flow
adjacent to the inner surface, caused by the external heat
transfer to the surroundings, may induce an opposed upper
flow in the duct's core. That possible flow generates an
overall Opposed Induced Mixed Convection (OIMC) effect
and. consequently, the undesired axial temperature gradient.
The open thermosyphon is another system, in which a
similar heat transfer process takes place. There an OIMC
flow field is developed by heating circumferencially a
vertical tube closed at its bottom and open at the top to a
large
rge reservoir.
Understanding

the

interaction

between

the

flow

adjacent to the tube's wall and the opposed induced flow at
the core, was a challenging subject for many researchers.
Referring to a similar heat transfer process. Lighthill2 solved
analytically the problem of cooling turbine blades, as
convective flow in narrow vertical tubes, with constant
outside wall temperature. The author employed an integral
momentum boundary layer analysis to describe various
laminar and turbulent flow regimes. Evans et al/ reported a
similar analytical and experimental study, of transient
natural convection in a vertical cylinder. An analytical
model was developed by dividing the system into three
regions: a thin boundary layer rising along the heated walls;
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a mixing region at the top where the boundary layer
discharges and mixes with the fluid at the upper core; and a
main core region which slowly falls as plug flow. Japikse
and Winter4 reported a theoretical and experimental study of
the boundary layer heat transfer in an open thermosyphon,
recommending some practical correlations to determine the
laminar and turbulent flow regimes as well as the transition
zone.

Ostrach1

reviewed

the

natural

convection

phenomenon in enclosures, pointing out that the interactions
between the boundary layer and the core remain an unsolved
problem, inherent to all confined convection configurations.
Recently, Weiss et al.6 analyzed the OIMC phenomenon by
a theoretical model, assuming boundary layer type of flow
in the turbulent regime, and found that such a model is
defined only over a certain domain. Additionally, further
downstream, different heat transfer regimes are anticipated.
In order to characterize all possible existing flow regimes,
an advanced numerical simulation in the turbulent flow
regime was carried out1, providing a good fit to the
experimental results ' '.
Systems related to the second type of thermosyphon
(Fig.2), use natural convection to generate flow within the
system channels, forming an overall Aiding Induced Mixed
Convection (AIMC) or OIMC effect. For example, in the
open loop thermosyphon (Fig. 2a), the inner channel is
clearly dominated by natural convection phenomena. The
flow within the channels is a combination of forced and free
convection. The forced convection flow component is the
result of the fluid being drawn through the external channel
by the buoyancy forces in the inner channel. Based on this

IAEC - Annual Report 1996
61

IAEC - Passive Cooling Systems in Power Reactors

phenomenon, the Westinghouse AP-600 reactor design uses
such a type of passive containment cooling system. The air
flow path designed between the steel reactor containment
hot shell and the concrete shield building, creates an open
loop thermosyphon. External cold air is introduced through
specially designed shutters located at the upper level of the
concrete shield building, while cooling the hot steel
containment generates an induced upward air flow.
Various studies of different types of natural circulation
loops were reviewed by Mertol and Greif y. For this type of
system, work related to natural convection on vertical
plates, vertical cylinders, between vertical parallel plates
and in vertical tubes was considered. These configurations
represent the basic mechanisms associated with natural or
induced mixed convection in the system.
Understanding the influence of boundary conditions on
natural convection along the containing walls is very
important. In a large number of these applications the
surface heating conditions are non-uniform i.e., the natural
convection on one side of the wall is coupled with another
heat transfer mechanism on the other side. Aharon and
co-workers ''

measured the heat transfer coefficient for

free convection on a vertical plate with general boundary
conditions (neither constant temperature nor constant heat
flux).

In

these

experiments

coupling

between

free

convection and other heat transfer processes, taking place on
the other side of the plate, was investigated.
Referring to natural circulating loops, the commonly
used basic assumption is that the induced flow is fully
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developed. However, it must be recognized that full
development cannot be expected at all elevations in the
channel but only above a certain distance from the channel
entrance. Considering the developing flow region higher
heat transfer coefficient are obtained.
Bodoia and Osterle12, Bar-Cohen and Rohsenow13,
Burch et al.14 and Webb and

Hill15 analyzed the

development of the induced flow between vertical parallel
plates. Davis and Perona

analyzed numerically the

development of the induced flow in a heated vertical open
tube. From the velocity and temperature profiles obtained
for various stages of the flow development, a graphical
correlation between volumetric flowrate and heat transfer
rates was found.
Clarksean17

analyzed

experimentally

characteristics of a thermosyphon

designed

the

to cool

cylindrical spent fuel heat sources passively. The analysis is
based on recognizing the physics of the flow within
different regions of the fhermosyphon in order to develop
empirical

heat

transfer

correlations. Considering

the

external dry air passive containment cooling of the AP-600
reactor, Barnea et. al18 and Harari et. al.' 9 developed a
theoretical model to predict pressure drop, mass flowrate,
hot surface temperature and heat transfer

coefficient

behavior in an open loop thermosyphon configuration. This
theoretical model served to optimize the design of an
experimental system in order to verify the calculated
parameters.

IAEC - Annual Report 1996
63

IAEC - Passive Cooling Systems in Power Reaetors

Buoyancy induced flows are complex because of the
essential coupling between the flow and energy transport
phenomena. These flow fields can be classified as either
external (free convection) or internal (natural convection).
The PCS are basically natural convection problems, that is
classed as an internal problem. Internal problems are
considerably more complex than external ones, because the
region external to the boundary layer is affected by the
boundary layer itself. The interaction between the boundary
layer and the external flow field constitutes a central
problem in determining the heat transfer

coefficient.

Furthermore, the How pattern and the resulting heat transfer
mechanism cannot be predicted a priori from the given
boundary conditions and geometry.
Experimental measurements in this complex flow and
heat transfer field are very difficult. Using conventional
measuring probes may introduce disturbances, which can
cause cardinal

changes in the entire flow field, most

complicated parameters to measure are the velocity profiles,
which are an essential tool for determining different types of
flow regimes. Therefore, the best way to overcome the
mentioned difficulties

is to combine temperature profile

measurements, flow visualization and advanced numerical
simulation results.
Some of the experimental systems that were built to
evaluate the feasibility of these passive cooling systems are
presented herein, along with, describing the experimental
apparatus

buildup,

highlighting

some

measurement

difficulties, and reporting the typical results. Some of these
experimental systems are still part of an ongoing research
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program carried out in the Thermohydraulics Laboratory at
NRC-Negev.

Considering a vertical flat plate that on one side
transfers heat by natural convection to a fluid at temperature
Too at a general boundary condition, namely, the other side
of the plate is exposed to an environment of a constant
temperature, T a , with which heat is exchanged with an
effective heat transfer coefficient (heq). In engineering
solutions for heat transfer problems, the effective heat
transfer coefficient

3. Experimental
systems and
results
3.1 Tlte effect of
boundary
conditions on free
convection

could be the result of a forced

convection or one-dimensional conduction in the wall.
The apparatus used in the experiments is shown
schematically in Figure 3. The experimental plate consists
of

three layers: the exposed stainless steel plate, the

aluminum isothermal plate and an insulation layer between
the two plates. The exposed plate, which is the heat
transferring surface, is 600 mm wide xl020 mm high and
x0.5 mm thick; it dissipates the heat to the surroundings.
The isothermal plate is 600 mm wide xl020 mm high x 6
mm thick. The high thermal conductivity of the aluminum
and the fact that the aluminum plate is 6 mm thick, make it
possible to maintain the plate at uniform temperature. Eight
pairs of heating strips are bonded to the back side of the
isothermal plate. Each pair had a temperature controller to
keep all the heating zones at a uniform temperature.
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Fig. 3: Schematic diagram of the
experimental apparatus: (1)
Perspex test chamber, (2) stainless
steel plate, (3) insulation layer heq, (4) isothermal plate, (5)
heaters, (6) backup rock wool
insulation, (7) temperature
controller, (Sj temperature
measuring instrument, (9) hot wire
anemometer.

The constant temperature of the aluminum plate
represents the hot temperature- T a . A couple of ceramic
paper layers, each 3 mm thick with a thermal conductivity
of -0.08 W/m-°C. was inserted between the aluminum and
the stainless steel plates. These insulation layers have an
effective heat transfer coefficient, hcc,, the value of which
can be altered by changing the number of the insulating
layers.
In order to measure the surface temperature of the
stainless steel plate (the exposed surface). 20 chromel
alumel thermocouples of ~1 mm diam. were brazed on the
surface. The junctions of these thermocouples were placed
in the vertical direction along the center line of the plate. In
order to measure and control the temperature of the
aluminum plate, eight thermocouples were connected to the
plate covering the entire controlled heating zone. To reduce
heat loss from the rear of the plate, two 50mm layers of rock
wool insulation were installed on the back side of the
heaters and the isothermal plate. Temperature stratification
in the test chamber was measured by the use of K- type
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thermocouples,(see Fig. 3).
Experiments were carried out in the closed Perspex
chamber to avoid any air currents; the chamber and the
measuring instruments are shown in Figure 4.

Fig. 4: The test chamber and
measuring instruments

The figure shows a plot of the experimental data for the
three values of, heq in which the results are plotted as log
Nu vs. log Ra*, where:

Ra* =

h
h{x)+hei)

•Pr
V

(1)

Figure 5 covers a range of local Rayleigh numbers between
1.3xlO5 and 2.46x108 and the results for various - heq
values are denoted by different symbols.
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The linear least squares fit of log (Nu) or a function of (Ra*)
yields the following correlation
0.266

Nu = 0.5613 •(/?«*)

(2)

for which the deviation of a single experimental value from
the fitted value did not exceed 12%.

3.2 Flow and heat
transfer
characteristics of
the OlMC
phenomenon

The research was focused on the OlMC phenomenon,
i.e. the flow field structure in a vertical cylinder, closed at
the bottom and open at the top, and being heated
circumferential ly. To achieve a better understanding of the
flow field and the related heat-transfer process, two different
experimental systems were built. The first was a flow
visualization system, with water as the working fluid,
whereas

the

second

system

enabled

quantitative

measurements of the temperature field in air. Experiments
were performed in the turbulent flow regime. In order to
learn about all possible flow regimes, the visualization tests
were conducted at three different length-to-diameter ratios
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(LVD=1, 5,

10). Quantitative

measurements

of

the

cylindrical wall temperature, as well as of the radial and
axial temperature profiles in the flow field, were taken in
the air system.
The apparatus used, shown schematically in Figure 6,
consists of a heated vertical cylinder closed at the bottom
and open at the top to the surroundings. The test section was
a stainless-steel cylinder, 25cm I.D, x 125cm high x 4mm
thick. Along the cylinder's wall, in the vertical direction, 16
2mm-diam. holes were drilled at intervals of 10 and 5cm in
the lower and upper halves, respectively;, one type-K
thermocouple was soldered at each of these holes. An
additional 16 type-K thermocouples were inserted at the
same intervals along the centerline. They were attached to a
vertically mounted thin rod, 5mm in diameter. Radial
temperature distribution was obtained at three different
vertical levels by additional moveable thermocouples,
attached

to

a

mechanical

traversing

system.

The

thermocouples were guided radially, through the wall of the
cylinder, by special tubes welded opposite each soldered
thermocouple. Temperatures were measured simultaneously
at three different levels.

1x16

Fig. 6: The experimental
apparatus for quantitative
measurements in air
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Six identical electrical heating blankets were used to
create constant heat flux at the wall. They were connected
through a power measuring device to a Variac transformer.
A 5cm thick blanket of glass wool was used to insulate the
test section in the radial direction. The cylindrical test
section was based on a 10cm thick plate of wood, sealing
the bottom and serving as a thermal insulator.
The wall and centeriine thermocouples were connected
to two multichannel measuring devices (Hydra, Fluke) and,
through a switch box, to the computer. The three radial
probes were connected through a multiplexed box to a DAQ
card (both National Instrument products) on the same
computer. The data were collected simultaneously from the
probes by a DAQ software Lab VIEW™. The software
enabled us to control the scan rate as well as to average
values measured at each point. Calibration experiments to
estimate the

system's heat loss had been carried out

previously.
The net input heat flux (q") was obtained by subtracting
the external heat loss from the gross heat electrical input.
The initial procedure for each test involved heating the
cylinder until steady-state conditions were established.
Three

radial

temperature

probes

were

moved

simultaneously in the radial direction, starting from the wall
and going backward toward the centeriine. During the radial
temperature measurements, wall and centeriine temperature
profiles were sampled simultaneously by the computer at
fixed time intervals.
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In order to study the possible flow regimes, a
visualization apparatus (Fig. 7) was built. It consists of a
thin glass tube, 40mm I.D. sealed by a rubber plug at the
bottom. The open end was connected to the base of a cold
reservoir fabricated from Perspex. The cold reservoir, with
its glass tube extension, was mounted on top of a hot water
reservoir. Steady state was achieved in the hot water
reservoir by circulating the water through an electrically
heated bath. Three different glass tubes were used to form
three length to diameter ratios (L/D=l, 5, 10). To trace the
developed patterns of flow, KMnC>4 crystals were dropped
to the bottom of the tube. The experiments were carried out
while heat was transferred between the two reservoirs,
through the thin glass tube.

Fig. 7: The flow visualization
apparatus

In the cold air system the measured temperature profiles
were normalized as:

T*

_

T-T o
q"d/

(3)
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where To is the temperature measured at the tube entry
region and q"d/k is a characteristic temperature difference
for the constant heat flux

case. This characteristic

temperature difference is determined from (a) the net heat
flux transferred by convection (q"), (b) the tube diameter,
and (c) the air thermal conductivity taken at the entry
condition. Two typical radial temperature profiles at two
levels along the tube are presented in Figures 8 and 9,
respectively, for Raci =5x108. From these temperature
profiles it is understood that a radial temperature profile
typical to a boundary layer exists at lower levels of the tube,
whereas near the entry levels, radial gradients were observed
up to the centerline. Wall temperature profiles for three
different heat fluxes are presented in Figure 10. Referring to
the measured wait temperature profile, three different
regimes of heat transfer are observed. The wall temperature
increases from the bottom of the tube, until a maximum is
reached at approximately x/d=l (zone 1). At this zone a
better heat transfer mechanism takes place, and the
temperature decreases in a moderate slope (zone 2). The
third regime is determined between x/d=3 and x/d=5 and is
characterized by a sharper decrease in wall temperature.
Based on numerical simulation results, visualization and the
measured temperature profiles, it was found that the OIMC
can be characterized by three main regimes.
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The first regime, at the bottom, constitutes a boundary
layer type of flow adjacent to the heated wall. The second
regime, above the first, behaves like a direct contact counter
flow heat exchanger. This regime is characterized by a
similar velocity and temperature profiles at each section of
the cylinder. The third is a mixing regime at the entry region
of the cylinder.
Under certain conditions the cold fluid from the
reservoir did not penetrate into the cylinder's core. Actually,
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an enhanced mixing heat transfer process takes place at the
boundary between the cylinder and the reservoir, forming a
'"separation interface". The mixing causes the upcoming hot
fluid to cool down, and return downward along the
centerline of the cylinder, whereas the cold fluid in the
reservoir is heated and rises upward at the reservoir
ccnterline. Such behavior of the inlet flow field affects the
efficiency of the cylinder as a passive cooling device. These
findings are at odds with the basic assumption in the
literature that the heated fluid adjacent to the wall is
discharged from the open end into the cold reservoir,
whereas a central core of cold fluid is continuously
replacing the hot fluid, entering at the temperature of the
reservoir.

u.u/ o -

-* — -.-,

0.0650.060-

Fig. 10: Wall temperature profile
at three different heat fluxes.
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3.3 Flow and heat
transfer
characteristics of
an open loop
thermosyphon

An additional subject of interest and R&D activity is
the gravity-driven passive safety systems type of the AP600
(Westinghouse advanced pressurized water reactor). An
ongoing research is focused on the evaluation of the external
dry air (PCCS). Primary theoretical models18'19 were
developed and used to calculate the mass flow rate of the
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natural circulating air and the resultant heat transfer
processes were proposed and evaluated. Based on these
calculations, an experimental test was designed. The
schematic description

of

the experimental

apparatus

assembled is presented in Fig. 11. The test section consists
of an inner electrical heated metal pipe (Fig. 12a) and an
outer

metal

envelope

(Figure

12b), simulating

the

containment and shield building respectively and creating a
typical U-shape annular air flow path. The following
parameters will be measured: (a) air inlet and outlet
temperatures; (b) axial distribution of air mean velocity and
temperature; (c) axial pressure drop; and (d) axial
distribution of the temperature on the heated surface.
This planned research for the future is concerned with
evaluating experimentally the calculated parametric trends
and testing the fully developed flow assumption. The
parameters trends are related to two items of interest: (i)
Scaling-up the hydraulic diameter of both the hot and the
cold channel by increasing the external diameter (D) by an
order of magnitude (up to actual reactor containment size)
and maintaining a constant hydraulic diameter along the
flow path, (ii) Different ratios between the hot and cold
channels' diameters (Dht/Dt^l) and a possible optimal
design. Referring to the hydraulic and thermal parameters
(assuming fully developed flow in the channels), the mass
flowrate and the overall pressure drop indicate maximum
and minimum values, respectively, for Dhi/Dh2«0.5 (Figs.
13,14), while a minimum value of the maximum
temperature is obtained for Dhi/Dh2~2 (Fig. 15). The
behavior of the heat transfer coefficient, taking into account
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the possibility that the flow is in either the laminar or
turbulent regime, is presented in Figure 16.

Fig. 11: Schematic description of
the test section: (1) electrical
heating pipe, (2) shield, (3)
en velope

\
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Fig.12 a) The electrical heating
metal pipe; b) The outer metal
envelope simulating the
containment and shield building.
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d

-diameter

D - external diameter
g - gravity acceleration
h - convection heat transfer coefficient
L - length
m - mass
Nux - Nusselt number (hx/k)
P - pressure
Pr - Prandtl number (v/cc)
k - thermal conductivity
q" - heat flux
r - radial distance
x - axial distance
Ra<i* - gpq"d4/va,K
T - temperature
a - thermal diffusivity
P - volumetric coefficient of thermal expansion.
v - kinematic viscosity
a - hot side
eq - equivalent
o - nominal (exp. test conditions)
hi - hydraulic diameter of hot channel
h2 - hydraulic diameter of cold channel
w - wall condition
00 - ambient, cold side

4

Nomenclature
J
and

T
* -*.
SUuSCnptS
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A New
Generation
of Gamma
Cameras
Based on
Solid State
Detectors

The development of a new generation of gamma
cameras, utilizing advanced CdTe and CdZnTe solid state
detectors and offering several advantages over the present
conventional cameras which employ Nal(Tl) scintillators, is
described.
Nuclear Medicine is a medical imaging modality which
demonstrates

the

administering

radioisotope-labelled

pharmaceuticals)

organ

to

the

function.

patient

It

is

based

compounds
and

then

on

(radiomapping

distributionin space (and occasionally also in time) with

Y. Eisen, C. Gilath,
G. Cohen, A. Shot,
E. Polak, H. Cohen,
Z. Baum, E. Izsac

The technology of present gamma cameras is based on
a scheme developed by Anger some 30 years ago. The main
components of a conventional gamma camera are illustrated
in Figure 1. The radiation emanating from the patient is
transmitted through a collimator and detected by a large
Nal(Tl) scintillation crystal, which converts the incident

1. Summary

radiation into light scintillations which are detected by a
two-dimensional array of photomultipliers tubes (PMTs).
The location of a scintillation in the crystal is determined by
the relative signals in the adjacent PMTs. Thus an image of
the radiation is obtained.
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Fig. 1: Main components of a
conventional gamma camera
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Nal Crystal

Gamma Photons
Patient Organ

Over the past three decades there has been a steady
improvement

in the original

Anger camera.

Image

resolution and uniformity have increased and the advent of
digital electronics has enabled better image correction and
manipulation. However, the technology has reached a level
of maturity where any real improvement can be achieved
only from a radical change, as done with solid state
detectors.
Scintillation type (Anger) cameras have some inherent
shortcomings:
• The energy of the incident gamma radiation photon
absorbed in the scintillator is transformed to light with
relatively low efficiency. This implies a relatively poor
energy resolution, which prevents efficient scatter
rejection and thus causes deterioration in the contrast
resolution. Typical energy resolution in Nal(Tl)
scintillators, at the most commonly used energy in
nuclear medicine, 140 Kev, is approximately 10%
FWHM (full width at half maximum). It has taken
present technology 30 years to get from 12% to 10%.
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Current intrinsic spatial resolution is limited by the
scintillator thickness, the incident photon energy and the
size and packaging ratio of the PMTs.
Anger cameras present some image distortions
(pincushion and barrel) inherent to the use of PMTs.
At high count rates (above 100,000 counts/sec) Anger
cameras suffer from pile-up distortions.
The need for shielding both the scintillating crystal and
the PMTs, which occupy a relatively large volume,
results in a large, heavy and cumbersome gamma camera
head. Mobile Anger gamma cameras are heavy and not
practical; portable cameras are not feasible. Positioning
of the camera head becomes difficult or even impossible
under certain circumstances. Also tomographic gamma
cameras (SPECT-single photon emission computed
tomography) in which the head rotates around the patient,
demand large and heavy gantries.

2. THE NEW GAMMA
CAMERA
TECHNOLOGY
AND
ACHIEVEMENTS

When X-rays or gamma photons impinge on room
temperature spectroscopy grade detectors, electron - hole
pairs are generated. These result in an electrical pulse
carrying information on the energy of the incoming
radiation. Thus, the conversion from radiation into an
electrical pulse takes place in the detector itself. Solid state
detectors perform the combined function of the scintillator
and the PMTs in an Anger camera. CdTe and CdZnTe are
more advanced solid state detectors that can be used in the
new generation gamma cameras.
The use of solid state detectors in gamma cameras
offers

several advantages over currently used Anger

scintillation cameras:
• Better (5% or even less) energy resolution, with resulting
superior scatter rejection and better contrast resolution in
the resulting image. The lower the energy resolution,
the better the image quality. This attribute becomes
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important with large-size patients (who already provide
increased radiation absorption between the organ of
interest and the camera head) and many newer nuclear
medicine procedures in which the target organ to
background
ratio
is
relatively
low
(e.g.
scintimammography and the use of labelled monoclonal
antibodies or peptides for imaging of malignant lesions).
Improved contrast resolution leads to improved
detectability of lesions.
Better intrinsic spatial resolution can be achieved. Spatial
resolution is dependent neither on the detector thickness
nor on the incident photon energy, but only on the
detector element area size. This attribute manifests itself
in improved image quality and better spatial resolution
and therefore contributes to improved detectability.
The use of solid state detectors removes the need for the
photon interaction position decoding (as necessary in
Anger cameras). The position of the interaction is
defined by the detector element in which the interaction
takes place. Perfectly linear and homogeneous images are
obtained, without any geometric distortions (barrel and
cushion).
Solid state detectors are-count-rate tolerant and for all
practical purposes no pile-up distortions are observed.
Much lighter camera heads become feasible. The heads
are very thin compared with conventional ones, since no
long PMTs are used.
Mobile and portable gamma camera systems become
practicable. They enable bringing the imaging to the
patient rather than transporting a critically ill patient to
the camera and taking unacceptable risks. Furthermore,
patients can be diagnosed at any location in the hospital,
office or even their home.
Planar and tomographic (SPECT) cameras can be built
with much simpler mechanics than conventional
cameras. This leads to cost reduction and a decrease in
the system footprint, a practical aspect that should not be
ignored.
The area of the camera head face is nearly equal to the
useful field of view. This enables imaging of locations
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on the body at much closer proximity than with an Anger
camera head, a feature very important in breast, thyroid,
parathyroid and other imaging protocols.
• The thermal stabilization of the camera head is very
rapid. (Present Anger cameras are kept constantly under
power and heavy battery backups are used when
attempting mobile configurations).
• Current technology still relies on vacuum tubes.
Replacing the PMTs with solid state devices improves
system stability and reliability.
Soreq NRC has amassed 15 years of experience with
room temperature solid state CdTe and lately also with
CdZnTe detectors. Various detectors were designed and
characterized, and applications were developed for security
inspections of cargo and passenger luggage. One of these
applications culminates in the Aisys 370 automatic luggage
inspection and bomb detection system (protected by several
patents), the manufacture of which was licensed to Magal
Security Systems Ltd. From the early 1990s various medical
applications of these detectors were considered and
explored. It was decided to focus on the development of
gamma cameras. The practical and business values of this
application were recognized by the Chief Scientist of the
Israel Ministry of Trade and Industry, who provided partial
financial support for this development effort.
At a later stage, the United States Israel - Science and
Technology

Commission

undertook

to

fund

the

development of a new generation of gamma cameras based
on solid state detectors. A collaboration among Isorad Ltd.
(the commercial arm of Soreq NRC), General Electric
Medical Systems and eV Products, Inc. (a developer and
manufacturer of solid state detectors) was set up. The
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objective

of

this

project

is

to

develop,

engineer,

manufacture and market the new gamma cameras in a cost
effective way. CdZnTe detectors were chosen for this
development.
Two camera prototypes were developed. One of them,
in a mobile planar configuration with a head having a field
of view of 16 cm x 16 cm, is shown in Figure 2. Figure 3
illustrates the prototype camera ready for use in a hospital
emergency room. Soreq NRC's efforts were concentrated
on the development of the new head, which is central to the
performance of the camera and represents the most
innovative part of the system. In addition, emphasis was
placed on the development of the necessary acquisition,
processing and display software. Soreq's developments are
protected by several patents.
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Fig. 2: The prototype for a new
generation gamma camera based
on solid state detectors.
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Fig. 3: The prototype camera in
the emergency room of a major US
hospital.
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The prototype was evaluated in various clinical
environments, first in Israel and then in the USA and
Canada. Some typical images obtained with this prototype
are shown here. Common nuclear cardiology procedures,
such as MUGA (multiple gated angiography) which implies
ECG gating (see Fig. 4) and myocardial perfusion imaging
(see Fig. 5),

were performed. Various other nuclear

medicine procedures, such as thyroid

(see Fig. 6),

parathyroid, breast, and kidney imaging, etc., were also
performed.
The diagnostic capability of the prototype camera was
found to be similar or superior to that of conventional
cameras. The mobility of the camera and the ease of
positioning its head on the patient were greatly appreciated
by both physicians and technical personnel. The potential of
solid state-detector-sbased gamma cameras was proven.
Work on the United States-Israel Science and
Technology

Commission project continues towards the

achievement of its technological and commercial objectives.
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Fig. 4: Results of a MUGA
(multiple gated angiography)
procedure performed with the
prototype camera and compared
with a conventional camera.
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Fig. 5: Results of a myocardial
perfusion procedure performed
with the prototype camera.
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Fig. 6: Results of thyroid imaging
performed with the prototype
camera.
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