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1. INTRODUCTION

This Memorandum is based upon an Invited Address given by Dr T G Leighton to the
Fourth Heart Centre European Symposium on Ultrasound Contrast Imaging (21-22
January 1999, Rotterdam, The Netherlands). Ultrasonic contrast agents are substances
(most based upon gas bubbles) which are injected into the blood stream. This is done in
order to enhance the ultrasonic scatter from regions of the body where the anatomy makes
interpretation of the tissue-based ultrasonic information difficult (such as in the heart) [1-
4)]. In addition, the ultrasonic contrast agents move with the blocd flow, and so are very
useful in identifying flow features (including haemorrhaging) as distinct from tissue
features. Not only is the direct scatter from the bubble used, but the Doppler signal is
also used. Indeed the nonlinear properties of the bubble is exploited in, for example,
second harmonic imaging. In this modality the second harmonic generated by the
bubbles can be clearly used to identify flow features (because tissue, in comparison,

produces negligible second harmonic scatter).

However, the equations used to describe or predict the behaviour of bubble dynamics are
surprisingly rudimentary. Whilst nonlinear descriptions of the bubble radius motion
(such as forms of Rayleigh Plesset or Herring-Keller equations) are employed in the more
advanced studies, it is not uncommon to find simple linear models being used. This is
particularly so when the acoustic cross-sections of the agents are considered, the
fundamental physics employed being exclusively linear. This is remarkable, not only
because the agents themselves are driven by sound fields of order MPa and display clear
nonlinear properties (such as second harmonic scatter); but also because the acoustic
methods for determining the concentration of agents are based on simply dividing the
scattered energy from a bubble by an appropriate cross-section, which is exclusively
derived from linear analysis. This is clearly nonsensical if significant scatter occurs in the
higher harmonics. Hence the concept of the nonlinear acoustic scatter cross-section, and
its use in determining the behaviour of a bubble prior to steady state (as developed under
the DERA programme), has here been exploited in a study to demonstrate how the current
rudimentary analysis used with contrast agents, might be extended to a more appropriate

regime.
2, THEORY

Rather surprisingly, there are two descriptions of acoustic scatter cross-section which are
employed in studies of contrast agents [4]. These are demonstrated in Figure 1. The first
is based upon the ratio of the power scattered at the #'th harmonic, to that scattered at the
fundamental, multiplied by the geometrical cross-section of the bubble. This



multiplication stage is simply an artefact to give the dimensions of area, as one would
expect from a cross-section. It has no real acoustic significance otherwise, since contrast
agents are rarely used in the regime where geometrical acoustics would apply. The cross-
section, defined in this way, is purely empirical and based upon measurement. It does
incorporate nonlinear properties, but is not related to any model of the underlying bubble
physics (while such could be done, it would probably have little meaning considering the

advantages of using the second definition, described next).

The second definition of the acoustic scatter cross-section is the standard one, based upon
the ratio of the power scattered by the bubble, to the intensity of an incident plane wave.
At current this is restricted to simple linear acoustics, but can readily be related to
underlying bubble physics. That bubble physics is shown in Figure 2, where a plane
wave of intensity / is incident on a bubble of radius R. Power is scattered spherically
from the bubble (W), and can be observed at some distance r away from the bubble. The
scattering cross-section, 0, is defined as the ratic W/l As such it has the dimensions of
power/intensity, which equal area. This basic definition can be extended to cover a
bubble cloud, since if the scattering from the bubbles is incoherent, then the power
detected at distance is simply summed. Hence, the cross-sections of the cloud can be
determined from the number and size distribution of the bubbles, and the cross-section of
those component bubbles. If multiple scattering occurs, correction factors might be

employed, although there is some controversy as to what the appropriate ones might be.

The goal of the project is shown in Figure 3. The acoustic scatter cross-section, reflecting
as it does the ratio of the scattered power to the incident intensity, can be interpreted in
two ways. First, as described above, it represents the target area "seen” by the ultrasonic
beam. Second, it might be considered to reflect the "efficiency” of the scatterer, in that
the ‘result’ is the scattered power, and the ‘input' is the incident intensity. As shown in
Figure 3, the current model for the cross-section applies to steady state motion of bubbles
which are behaving linearly. As such, it might be an appropriate model if the bubble is
subjected to low amplitude continuous wave (CW) fields. However, contrast agents are
almost exclusively subjected to high amplitude, short pulses (of order MPa, and of order
microsecond, respectively). Therefore, the first goal of this study is to describe how the
model might be modified to incorporate nonlinear, time-dependent scatter, and hence be
relevant to insonation by short, high amplitude pulses. This then leads to the second goal,
an investigation to determine whether it would be possible to maximise the energy
scattered, and possibly the energy invested in the second harmonic, whilst minimising
both the incident intensity and the agent concentration. Minimising the latier two features
is important, since there is a general concern that the time averaged intensity to which a

patient is subjected should be kept within safe levels [5], and there are certainly



restrictions on the amount of agent which can be placed within the human body. (A non-
bioeffect consideration is of the cost: a few grams of agent can cost of order £100.) Since
the model is nonlinear, and the definition requires knowledge of the scattered power, this
can be simply calculated from the equation shown in Figure 3, which is valid for the far
field. Whilst this is done for the results presented in this report, it is useful initially to
consider the underlying physical processes. An intuitive understanding of these processes
can be gained by considering a simple model based upon the equation of motion
demonstrated in Figure 4. The radial acceleration é) contributes to an inertial term

(m(fé)); the wall velocity G.€) contributes to losses through some constant b; and there is a
term dependent on the stiffness of the gas, £. The driving force is given by P(r). The
radius-time characteristics of the bubble motion are obtained using a nonlinear equation
of motion, such as the Herring-Keller equation [6]. Each of the terms which are summed
in the equation in Figure 4, has a force-like character. As such'the product of & with the

wall velocity gives a 'drag force' b R (actually, a pressure term). Consequently, the

instantaneous power loss is given by the product of this with the wall velocity (bR2). This
power loss can be integrated over time to give the energy lost from the system. If the
expression for b comprises losses due to acoustic radiation, viscosity, thermal effects, and
the shell (which is used to stabilise the contrast agent against dissolution), then the
damping derives from by, and the formulation will give the extinction cross-section [7].
However, if the losses under consideration are only those due to acoustic scatter, then
b = bryq, in which circumstance the acoustic scatter cross-section is derived. This is
clearly a simplification, and it is more exact to use the formulation shown in Figure 4.
However, the simple model of Figure 3 allows an intuitive understanding of the processes
involved. Consider the top graph in Figure 3 (labelled (a)), which shows the bubble
radius as a function of time. The envelope is given by the dashed line. The bubble
oscillates about an equilibrium radius Ry, the amplitude of oscillation increases from the
moment the insonation starts, and tends to some steady state value. The lower plot
(labelled (b)) shows the square of the wall velocity, indicating a ring-up time, and the
envelope of this (given by the dashed line) is proportional to the acoustics scatter cross-
section ¢, if the simple model in Figure 4 is used.

This stimple model allows the determination of some of the key characteristics expected of
bubbles in the ring-up period and beyond. Consider Figure 5. It shows three curves
{blue, green, and red, indicating in rising order the use of an increasing driving
amplitude). Consider the blue curve, corresponding to the use of the lowest driving
amplitude. If the bubble is insonated from time zero to time 71, then the scattered power
will increase up until that time, reaching a maximum of W1, and then fall off (as shown

by the red dashed line). If however, the insonifying pulse is of duration #;, then not only



does the duration of the scattered pulse increase; but also the maximum value achieved by
the instantaneous scattered power increases (up to Wy in the figure). This is shown by the
blue dotted line in Figure 5. Therefore within the ring-up time, increasing N (the number
of cycles in the insonifying pulse) increases both the duration of the scattered pulse, and
the maximum amplitude it achieves. If however one were in the steady state, then the
maximum amplitude achieved by the scattering would be roughly insensitive to the
duration of the pulse. Increasing the duration of the insonifying pulse would, to all
intents increase scattering only by increasing the duration of the scattered signal. In
addition, as the driving amplitude is increased, one obtains “decreasing returns”. That is
to say, that the amplitude of oscillation of the bubble is limited, and doubling the energy
of the incident field will not cause a doubling in the energy scattered by the bubble. This
reflects the nonlinearity of the bubble process, and indeed other effects can become
important (such as the fragmentation of the bubble that may occur at the highest
amplitudes). These general features were tested in two experiments to be described next.

3. PRELIMINARY TESTS

Sections 3.1 and 3.2 describe two series of tests. These were undertaken to determine to
what extent the broad predictions which arise from the intuitive scheme described in the

preceding section are reflected in the results.

3.1 Experiments with bubbles in a population centred about 15 micrometers

radius

Figure 6 shows the apparatus used in the first experiment, which involved the
measurement of the response to pulses of a bubble population centred around a 15
micrometre radius. An illustration of the population distribution, measured optically, is
given as an insert in Figure 6, showing the radius in micrometres against the number of
bubbles on a linear scale (absolute values are not shown). The experiment took place in
the A B Wood Laboratory, the source used was the 'UDI wideband shaded' sonar source,
supplied by DERA, with a centre frequency of 200 kHz in this experiment. Photographs
of the A B Wood Laboratory, shown empty, are given in Figure 7. Details of the
experimental method can be found in a contract report associated with this work [8].

An experimental result for the scattered energy as a function of time, for insonation via
pulses having a number of cycles N = 10, 20, 50, 100, 150 and 200 cycles, is shown in
Figure 8. Within the ring-up period (here up to about 100 cycles), increasing the length
of the incident pulse increases both the amplitude and duration of the scattered pulse. For

incident pulses longer than this, increasing the duration of the incident pulse tends only to



increase the duration of the scattered pulse: the peak amplitude attained in the scatter is
approximately constant. It should be noted that, because the cloud in the experiment has
a finite dimension (approximately 0.5 metre radius cylindrical cloud), then this dimension
will affect the rise-time and fall-time of the scattered pulses, and will tend to limit how

short a scaitered pulse can become as V decreases.

Figure 9 shows simulations of the scattered energy as a function of both pulse length and
the peak acoustic pressure amplitude (Pmax) of the incident field. The scattered energy is
calculated simply from the pressure field scattered by the bubble, as shown in Figure 3.
The model assumes that a bubble of radius 15 micrometres is insonated at 200 kHz. As
expected in Figure 9a, the amplitude of the scattered energy increases for any given pulse
length, with increasing amplitude of the incident field (0.5, 5 and 10 kPa are shown). As
the number of cycles in the incident pulse decreases, so too does the scattered energy.
This too is not unexpected. However, the scatter cross-section, shown in Figure 9b
normalises the scattered power against the intensity of the incident pulse; As a result, it is
a measure of the "efficiency” of the scatter, as explained earlier. Hence in consideration
of Figure 9b, it is interesting to note that, as the acoustic pressure amplitude increases in
the range studied, the steady state efficiency decreases. Another interesting effect can be
seen most clearly in the plot of scattered energy (Figure 9a) at the highest amplitude (10
kPa, the blue line). At pulse cycles below N = 20, the scattered energy is increased above
that which would be expected if the trend which is seen for longer pulses, is extrapolated
back to the origin (as shown by the dotted blue line). When the efficiency is plotted (in
Figure 9b), this results in a peak in the scatter cross-section at around 10 cycles. The peak
in efficiency occurs at a shorter pulse length as the amplitude of the incident field
increases. Hence there is a maximum in the efficiency, which becomes more pronounced

as the sound field amplitude is increased.

In contrast the energy invested in the second harmonic (Figure 10a), and the
corresponding scatter cross-section (based on the energy scattered at twice the incident
frequency, Figure 10b) both simply increase with increasing amplitude of the incident
field, and the increasing number of cycles. Though a slight effect is seen in this cross-
section (Figure 10b) around 15 cycles, this is very much less than the maximum seen in
Figure 9b for the scattering of the total energy in the pulse,

Figure 11 summarises the conclusions that can be made from experiment 1 (scattering of
energy from bubbles of 15 micrometre radius). Within the parameter range studied, the
efficiency of the scatter within the ring-up period is increased by using longer pulses, and
lower amplitudes. Steady state efficiency increases as the amplitude of the incident field
is decreased. As the length of the incident pulse increases beyond the ring-up period, the



efficiency reaches an approximately constant value, which decreases with increasing
amplitude of the incident field. Hence for the same temporal average intensity of the
incident field (/74), the maximum in the curves in Figure 9b suggests the following. It is
possible to obtain enhanced scatter if one uses pulses of lower amplitudes but greater
pulse repetition frequency, provided that the duration of the incident pulse is set to the

value which gives the maximum in Figure 9b (or equivalent).

Enhanced scatter would be an exciting prospect for the use of contrast agents, where one
has to keep the 'doses’ of ultrasound and of contrast agent to a minimum (within the
constraints of retaining a clinically nseful signal). Whilst such optimal values appear not
to exist for the second harmonic (Figure 10) the results of the first experiment suggest
that the following hypothesis might be made (Figure 12). This is to say that there exists a
certain input pulse, defined by its duration and amplitude, which will maximise the ratio
of the total energy scattered in the pulse, to the energy in the incident pulse. This might
allow one to maximise the signal-to-noise ratio (SNR) in the ultrasonic signal returned
from the bubbles, whilst minimising the amplitude of the driving ficld and the bubble
concentration. It would also cause the contrast agent to scatter with maximum

enhancement over the scatter obtained from tissue.

The experimental work suggests that this works for bubbles having radii distributed
around 15 micrometres, and our knowledge of bubble dynamics suggests it should also
work for larger bubbles. Two questions however remain. First, does such an effect occur
for the contrast agents currently used in clinical applications? Second, does it occur with
a useful temporal peak intensity of the incident field (/7p)? The latter point is important.
Whilst the results of Figure 9b suggest that reducing the amplitude of the incident field
enhances the efficiency, the results of Figure 9a show that the absolute value of the
scattered energy decreases as the amplitude of the incident field is decreased. Hence with
very low amplitude fields, we might be obtaining very efficient scattering, but the signal-
to-noise ratio in the received data might be so low as to give no useful information to the

clinician. Whether this hypothesis has any validity is discussed in the following section.
3.2  Experiments using contrast agents

Samples of the contrast agent Levovist TM (Schering) were obtained and used in a 10
gram per litre concentration. The Levovist was held within dialysis tubing, which
provided a containment wall with negligible acoustic effect. A range of acoustic sources
were used in the frequency range 2 to 3 MHz in continuous wave stepped tone, and
pulsed, mode. Experiments were undertaken by Miss S Ponthus for her MSc project,
under the supervision of Dr Leighton. The apparatus is shown in Figure 13. The results



of this experiment can be found in Ponthus’ project report [9]. She obtained resonance
curves for side scatter and attenuation, from which the damping and resonance frequency
of the contrast agents could be determined. These were then used as input parameters

within the model for the nonlinear scatter cross-section [7], to provide the results

presented below.

The contrast agent population contained a majority of bubbles of radius approximately
0.8 micrometres. The model therefore uses such bubbles, insonated at resonance (2.3
MHz) to demonstrate whether there is any enhancement effect. Figure 14 shows the total
scattered energy (14a), and the scatter cross-section relevant to the entire pulse (14b), as a
function of the amplitude of the incident field and the number of cycles in the incident
pulse. The results are quite different from those seen with larger bubbles in Figure 9. As
expected in Figure 14a, the amplitude of the scattered energy increases with the amplitude
of the sound field and with the number of cycles. However, the results for the efficiency
(Figure 14b) are quite different. First, the steady state value of the scatter cross-section
increases with increasing incident sound field amplitude (the reverse of what was seen in
Figure 9b). It should be noted that the acoustic pressure amplitude range used here for
contrast agents (10 to 60 Pa) is higher than that used for the larger bubbles in experiment
1 (0.5 to 10 kPa). This reflects the practical limits of the conditions that can be generated
for the respective bubbles, and clearly if this study were to be extended, a fuller
investigation of the effect of the amplitude of the incident field would be required. The
second difference is between Figures 14 and 9, is as follows: for the contrast agents, the
steady state value of the cross-sections is achieved for pulses greater than only about 4 or
5 cycles in length; and that for shorter pulses, the scattered cross-section simply increases
with decreasing pulse length. This is quite different to the effects seen for larger bubbles
where, as N decreases the efficiency rises from the steady state to a maximum value at
around 10 to 15 cycles; and reduces for smaller pulses. The immediate implication of this
is that the conditions under which contrast agents are normally insonated (high amplitude,
short pulses) might fortuitously give the conditions that maximise the efficiency in the
scatter. However, as stated above, the model would have to be extended to higher

amplitudes to confirm this.

The energy in the second harmonic (Figure 15a), and the cross-section relevant to the
second harmonic (Figure 15b) both increase as the duration and amplitude of the incident

pulse is increased. This trend is the same as was seen for larger bubbles (Figure 10).

Figure 16 summarises the difference seen between bubbles of radius 15 micrometre
insonated at resonance, and bubbles of 0.8 micrometre radius insonated at resonance. To

follow-up on the point made earlier, that the study should be extended to higher



amplitudes, the plot of the acoustic cross-section for 15 micrometre bubbles relevant to an
incident acoustic ficld of amplitude 60 kPa is also shown (green line in 16a): clearly the
trend for producing a maximum has been suppressed. Also shown on each plot is the
value of the acoustic scatter cross-section, as predicted by linear theory (purple arrow). In
both cases, it is less than that predicted by the nonlinear theory. This again raises a
curious difference between the larger and the smaller bubbles. For the smaller bubbles, as
the amplitude of the sound field is increased, the steady state value of the scatter cross-
section deviates increasingly from that predicted by the linear theory (16b). However, the

converse is true for the larger bubbles (16a).

Figure 17 throws some light on the difference between these bubbles. The figure shows,
as a function of the amplitude of the driving field, the amplitude of the scattered energy
(red line) and the scattering cross-section {black line), both as pertain to the values
reached in the steady state. This is done for bubbles of 15 micrometres, 3 micrometres,
and 0.8 micrometres radius, insonated at resonance. In all three cases, as expected, the
total energy scattered by the bubble increases with the amplitude of the driving field.
However, the cross-section decreases with increasing pressure amplitude for the 15
micrometre bubble, whilst the reverse is true for the (.8 micrometre bubble. These two
trends cancel out bubbles of radius 3 micrometres, where the acoustic scatter cross-

section is independent of the driving field amplitude.

3.3 CONCLUSIONS

The conclusions are summarised in Figure 18. Those relating to the second harmonic are
relatively simple. Both the amplitude and efficiency of scatter increase with increasing
amplitude and duration of the incident pulse (Figure 18a). Within the parameter range
studied, certain conclusions might be drawn for the efficiency and scatter of the energy
within the pulse (i.e. the "frequency-insensitive” scatter and cross-section). However,
these must be treated with caution, as this study represents simply a brief test of whether
the formulation for the nonlinear acoustic cross-section reveals any trends in specific test
cases which might suggest areas of future research. Both the range of bubble sizes and
the amplitude of the incident fields are limited in this study, and are insufficient to cover
the entire range of parameters that might be observed in particular applications. With this
in mind, the following trends have been seen (Figure 18b). For times greater than the
ring-up time, the acoustic scatter cross-section {or efficiency) tends to a steady state
value. For bubbles greater than 3 micrometres in radius, this value decreases with
increasing amplitude of the driving field. For bubbles smaller than 3 micrometre radius,
the steady state value of the efficiency increases with increasing amplitude of the driving
field.



For shorter pulses the behaviour is complicated. For the two cases studied here,
insonation of the larger bubble the efficiency showed a maximum as a function of the
number of cycles of the incident pulse; and for the smaller bubbles, the efficiency
increased with decreasing length of the incident pulse. However, as shown in Figure 16a,
even these simple trends can fall down at the higher amplitudes of the driving fields. In
addition, any attempt to maximise or minimise the efficiency must bear in mind the
absolute value of the scattered energy: a high efficiency but low absolute scatter may not
deliver a useful signal to the detector. However, within the parameter space studied here,
it is possible to postulate general schemes for maximising efficiency (Figure 18c). There
exists some critical bubble radius, which in this study appears to occur at around 3
micrometres. For bubbles larger than this, efficiency is maximised by using low
amplitude pulses. For bubbles smaller than this efficiency is maximised by using short
high amplitude pulses. This has implications for the use of contrast agents, which in
general are subjected to short, high amplitude pulses. However, as new modalities and
technologies develop, the pulse regime to which contrast agents might be subjected is

likely to vary considerably.

The final conclusions would be that the linear models appear to give poor predictions of
the scatter and the efficiency; and that the study needs extending to higher amplitudes.

REFERENCES

[1] Parker, K.J., Baggs, R.B., Lemer, R.M., Tuthill, T.A., Violante, M.R. Ultrasound
contrast for hepatic tumours using IDE particles. Investigative Radiology 1990,
25,1135-1139

[2] Ophir, J., Parker, K.J. Contrast agents in diagnostic ultrasound. Ultrasound in
Med. & Biol. 1989, 15(4), 319-333. '

[31  Gramiak, R., Shah, P.M. Echocardiography of the aortic root. Investigative
Radiology 1968, 3, 356-366.

[4] de Jong, N. Acoustic properties of ultrasound contrast agents. (Zuidam & Zonen
bv, Woerden) 1993.

[5] Wells, P.N.T. The prudent use of diagnostic ultrasound. Ultrasound in Med. &
Biol. 1987, 13(7), 391-400.



{71

(8]

(9]

Leighton, T.G. The Acoustic Bubble (Academic Press, London). 1994. Chapter
4,

Clarke, JW.L. and Leighton, T.G. The Enhancement of Sonar Detection in
Bubbly Environments Part 2: Effect of Salinity on Damping and Development of
Models. ISVR Contract Report No. 98131, University of Southampton, 1998.

Clarke, J.W.L. and Leighton, T.G. The Enhancement of Sonar Detection in
Bubbly Environments Part 3: Experimental measurements of acoustic backscatter
from bubble clouds. ISVR Contract Report, University of Southampton (in press),
1999.

Ponthus, S.. Characterisation of the acoustic properties of ultrasonic contrast

agents. MSc Project Thesis, University of Southampton, 1998.

10



A718Ud Ju1- 2a0M - 2up]d - JUIPIOU]

\/ | X damod - padaypog
> \/ (jppuamvpuny )iomoJ
QEQSEQ&&%&Q&
sorsAyd a1qqng.

SUIA[ISPU[)  JBOUIJUON

JoMmod pardleos uo paseq qlog
TU0N08S-SS0I0 J0J SUOTIdO 0OM [ 1] 2131






(¢ suonoa1Io? 193898 o[dinu) pnoo 9[qqng 01 PIPURIX 9q UL

Ajsuayuy .
LAY e ..Huaom -SUOISULaMI(]

I/SA\ =O :u01109s-85010 SULIDEIS

oA

A

d=Aysuap pinbiy

.
e
Ty

7 Asuaput
‘aaem aug|d Juaproug

NN
NN

v
San 1omod posoneos Ajjeanioyds

A
A4
ADNDMAAMANMN

UOIHUIISP OISty . QHﬂwwm






(J<<1 10J PIfeA)

A
A NNNN + évm d =9[qqnq £q pareneos aInssaid :9s()

:UONIR[NO[BD JBIULUOU [[N]

11004 Paaolieds Jo uonenR[ed saamboy

(1 Tv0D) MD spryduwe
MO[ 01 sarpdde o°1 12U pUB weaq AQ U9as,
oe3s-£peo)s si [opow juenmn) €—  eore jo8re],
/_\ Aysuajur Juspiou]

=0
Jomod pazaneds

(z TV OD) UOIBIUIIUOD JUIFE pue
A31SUS3UL JUSPIOUL FUISTWTUTI IS[IYM WAOUSTOLIH,
OIUOULIRY PUT PUE J3}IBIS ISIWIXBIA

(U011038-SSOID
1911808 OTISNOOR JLIUIUON]) suonedljipowt pasodord ¢ 2Ins1,]






dn-gun,
T} LRy

— Wy

(q

- —
e e o .

:SUI)10J IABM-SNONUIIUO))

PPlg=q uomoos $S0I0 1aN8og

Y 7 Sia DA 10}
£q+"9+"q+ P q=""q=q as
UO0T1)03S SSOJI UOTIDUIYX

DIBITA]

\—'
NNNQ SSOJ Jomod snoauejue)su]

3+ 99107, FeI(]
DALY

3
(Dd =44 +y q+y w

UO1BNDY JROUIUOU WO &mﬁ@

[opow ojdunrg
Jomod paraness armbay 1 2In3IL






N ¢ 0

SIUOWILIAAXH 7

swnjar Suisearoop soAld- N
1091J9 SIY) s9dnpau -
opnpjdwe N
FuiALIp oY) JuIseaIouy o - N

apnydun Zuiarip SuiSv2UIUT
ASUSIDILLD J013R0S

]

SOSBOIOUL [ BLSBOIOU mm.w 0
‘s dn-Fui g, s omod
PAIONIEOS

apnjyjduue

y31q je swelsks Jeaul] woll JIp sajqqng S oms31]







(uurl) sngpey
06 0§ 0l

IOqUINN

-Solqqny
W CX8XQ
ue],

(Aowanbay) ouo0)

ZHY 007 S =0

190IN0Y

]

&

D618 G IATOIY

A
7 13A1009Y £ 79 € SIOAIS09Y | IDATOONY
o e ¢ ®
we R
20IN0S
h 4
. R
w S0
wel >

snjereddyy -1 juowinadxy 19 231,







i vt

Ve

QUBIO OUUO] |

yuey Jo sydeisoloyd -1 wuownadxy 1/ 2L






(uoywinp S102ffp uorsusuilp pnojo)

AJUO UOTIRIND SASLAIOU] o

POl
uonenp pue

opnydwe 193180S SASBAIOU] o

ol

- S S | Sy
:poniad dn-gun

B

ek

P
sl

o R

2,

o

IN SUIS®BAIdUI JO 33

(0L X
gg

G

L
—

™

(ZvBd) Ab1au passneds

i
o

N Suthiea ‘opnyjduwe SuIALIp JUBISUO)) - S}NSIY 1§ INT1






opnjduwre SurAup FuiSBoIdUL yIim
SOSBAIIIP JN|BA IJBIS-APELIIG 4

A2UQI01]J0 doueyuo sasind 110ys

ed) 0}
edy g

UOTI)035-SS0.1I 12])BIS B 5'0—"—

= Aouanouyy,

(so10A2) Yy3Bua os|nd
0g oY oe 0c ol

0

00+300°0
- £0-300°C
" £0-900°%
- £0-300°¢
" £0-300°8
- 90-300°}
- 80-302°1
BREE A

90-309°L

(Zul).lo!;oas-ssmo 1sneag

\ﬂw.HOEQ B 0L
poIOpeog || BT

Bd¥ g0 "

{so]2/A2) YyBuoig 9s|nd
0s oy 0e

N, N
<

¥ &
o
e

0
- 00+300°0

[ 0L-300°S
" 60-300°
- 60-305°1
" 60-300°¢
- 80-305°¢C
" 60-300°¢

T 60-309°¢

1ABloug paseners

H

-~

oy
S’

(ZFP{ Q0T ‘Wi g1) N pue

6 2IN31]

Xetu

d NPoq ATEA
‘(asynd ut ABJ2UD [|B) 9SBI QAINSUASUI-Aouanbal,|

(q)

(®)






opnyijdwe SuIALIP SUISBIOUT M
OSBAIOUI DIUOULIBY PUODIS JO

(s 91249) Yybue asing

1 05 o 0g 0z 0l 0
A2U9121J70 pue apnyjdwe Yoy , % 5 Foo+3000  §
" £0-300°2 =
C£0-300% B o
egy 0}~ X " £03009 =
KOURIOTIIH || eans— -e0F008 3 &
Bdy 60 f e300 S 2
- eo-Joz, P B
i No-m_ov.vmw g
b 20-309'}~" 8
(sa19A9) ybuan ssnd
08 ov 0¢ 0z 0l 0

% % ¥ % T 0043000 5
- go-3000 @
=

" 60-900°Z
ASISUD Pa12)IBOS 2
f 60300 o
¥ ]
" G0-300v 3
[
" 60-3006 2
)"
- ; T el G0-300° N

’ 4 Xeil
(ZH> 00T ‘W G1) N pue g (pogq

Are A IDINOWWIVH ANODIS

O 231,

(q)

(®)






(Bursurr pnoyo ‘uonnjosay “YNS)

V1 owres 103 191808 poouryUL UIRIQO
‘sopmyIjdure Jomoj -
‘(e dn-3urr urypm) sesynd 193007 -

:3uIsn AQ PaSBAIOUT ST 10)J0S JO AOUSIONJH

[ JudwinIodxd Woj uoIsnjouo)

11 2In31,]






¢ Y1 nfasn 1o ;suadp psvaguo00 sof ing w1 <0y of y40 4

UOIJBIIUOUOD 2[qqng 29 P[o1J SUIALID
Jo opnyrjdure Sursrwiuiw 3S[IYA YNS SIWIXLW PInod suQ) o'l

LOTENT AN
ASTN NUGHRELLIVOS ADYANA

:SOTIRI U} ASTWIXBU
o1 opmyduwre pue ypdua| asind ndur fewndo ue $1SIX0 2I19Y |,

1esodorg

71 231,






OO@ 18 0 JI2AIR09Y

+

[ JOAID0Y

4—p

w | >

(1/3 §1) ISIAOADT 7 uowinIodxy

¢1 2InT1L







Aoua1o139 9oueyquo sasind 1I0YS .
JO33BOS ISBAIOUY
sopmyjduwe SulAlp YSIH

Bd 09
AU |eant 0p—%

Edy 0}

Ge

(s919A9) Yybuas asind
g gl oL

00+300°0

" ¢l-300°C
- ¢1-300°F

" ¢1-300°9
" ¢1-300°8
" LL-300°)
L1-302°1

T

) Uo1}395-S5040) Japeoss

BT RN

ASI0UQ paIonedg [jEMoe T

edy og %
Bt 01

T

ST 00+300°0

- G1-300°S
" ¥1-300°})
- vL-305°)
C ¥L-300°C
" ¥i-306°C
" #1300

3 palayess

([ ) 1AB1au

¥1-306°¢

(ZHIN €T ‘wn g°0) polapeos
AZ1aud jeuotaodoutd pue (B0 |

1 231

(q)

(®)






aprydwie SUIALIP SUISTOIOUT Ylim
9SBAIOUT OLUOWLIBY PUOIIS JO

(sojoho) yibua asind

. LY 6z 0z sl ol S 0
oua1dlyI0 pue spmrjdwe yiog 4 _ _ _ - o0+3000
=
\ f G000 ..w
- . = -
BdY 09 ¥0-300'F 2 O
Ta
\moﬂmmo@mm R e Fvo-308L 3 &
—— o Q
edy 01 © $0-3002 2 5
[}
-3
- $0-305°2 2
=~ D
e yo-300¢ 5, 8
A
(sajoha) ybua ss|ng

sz 0z sl ol g 0
o % * T 00+3000 M
_ . ©
A8 10U0 o0z g
£0-3007 =
PRI211BOS |edioo ™ [ 203009 N
edy 08 [ L0-3008 T
ed) 0} - 90-300°) m
- 90-307°1 8
" 90-30¥°L 2
e - - S - - [ . - L )
90-309'1 =

(

7

¢l 2In31

A €7 fwtl 7)) dTUouLIBY PUODS

(q)






w
{so10/h9) y3bus as|nd %
5z 0z 5l oh g 0 &
U o OIXL'T 1onfea Jeaur] = 5 e ——— 00+3001
) [ Ea) 7w L Nn\lmoonm m
wn
w , - 2L-300% @
. BIN 09| |
ZHIN £°C o a5 o= | - Z4-300° m @
ﬂ - - - . ll-
wrl 80 |[eator— cl-H00e 5
w N
~—
C11-302) B
w =T
(saloA2) ybua ssind n%
05 o 0e 0Z ok 0 m
v | ! | _ 00+300° <
m XQT ionir AT
G o O1X8"] :9NTA 18I ——p> | - 50-300Z m
7 BdY 09 " 80-300'p ¥2
HY 002 8000
‘oum] Bd) 0L 7 803009 © | ()
m ‘_” mn_v_ m —— - - . <
80-300'8 &,
B
B 50 - 203001 2
! - £0-302°| \mw
dmar et § b Lyt 0 LA et 1 ar R 1271 LR A SRR AR VA AR b0 e T4 AV U B AR L8118 WS e RSl eI AP A Yt T 488 e NOIm Ov . — {~/\U\

(A310U0 {]B) UOI109S-SS01D SULISNLIS
1109}J9 Judpuadap snipey
Q1 2INGL,]






ZHIN £'C
ngi w.o

ZHA 068
‘wn ¢

ZHY 00¢
‘wn ¢

{ed} ainssauy

00002 00009 00005 0000t 0000E 00002 0000 0
o 00+3000 _ ’ M _ , ; T 0 2
8 & 11900 | [to g2
= m o " 34 N.O @ o
S 5 0La00 > et e g
3 Q01308 T L0 S B
0 8 5
= ¢ 01800 T oo 28
oLg0sT - e et g ?
(ed) ainssaig
00082 00002 000S 1 00001 000G 0
80-300°} % : 3¢ - F o
@ ol o 3
8 soa00e g0 o 2
23 -, B8
& 8 803006 7 3o
59 rsL 5 8
2 80300L T 4
wa o N w.
809006 T
e et et ettt e e e e -
{ed) sanssauy
00004 00009 00005 0000% 0000E 00002 00001 0
o 0073000 : _ _ : _ _ £ 0 -
8 z03002 T (S o &
a8 203007 T > EE
W =X g I Sl ]
=@ /03009 0z 3 »
39 g+ s B 9
& Z09008 I D2
[ Dm —
¥ 90900} T ; oo =
9090Z') o

UO01309$-$S0.10 FUiIaNeds pue aanssaid pajeipel 91vls Apeaig
11094J0 uapuadap snipey

/1 931

(q)

(®)






spnmytidue pue yI8ud[ as[nd juoprour 3ulseaIoul
UM 9SBIIOUL 191180S JO ADURIDILFS pue spnijdury

SIUoULIgy puy

S

‘(apmyrjdure SUIALIP B3 (/>) SUOISN[OU0))

B8] om31]






‘resuadwod Aew Jad Sursearour ysSnoy) YNS _moosﬁo.ﬁ

IO SUIONPayY ‘NOLLAVD opmdure pue yiduay asnd
JO 9010YD AQ PASTWIUIW JO PISTWIXEW 9 ABW AJUIIOLJID
1917808 pue Ppajedr[diwod sI InorAeyaq Y} sas[nd 19110ys 10,]

apnyrpdure
SUTALIP SUISBIIOUT 1IM SOSBAIOUL aN[RA SIY [, Wi ¢

opnyrdue
SUIALIP SUISBOIOUT }IM SISBIIOAP onfeA Sy wrl <y

‘onjea 91e)s Apeals e 0}
Spud) (ASIUD [[B) J1BIS JO AOUADIIIS (1<) N 981e] 10,]

(eAnisussui-Aousnboiy) 1013808 puR AJUSIDIIH
:(opmyrjdiue SUIALIP B ()/>) SUOISN[OUO))
481 931,






‘sopmyrjdwe IoyS1y 01 SUIPUAXa Spasu Apmg
Suo1)IIpaId 100d JAIS S[apOUT JBOUT]

ADQUDIDIJJO WINWIXEW
103 sosind apmyrjduwre Y31y ‘proys asn ‘wirl ¢y 10J -

sostnd spmyndume
AOT "TUO] UISN AQ PISTWIXBW ST AOUSIOLTO WN €< 10,]

- AOUSIDIIJO WNWIXBUW JO,]

091 2In31



	tm835cover.doc
	E COPYRIGHT NOTICE.doc
	tm835.pdf

