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Abstract—The use of liquid brominated hydrocarbons to form a planar reflecting interface with water is
described. Gravity-based planar reflecting surfaces with known reflection coefficients can be used in system
characterization for quantitative ultrasonics, and a set of surfaces with a range of reflection coefficients allows
calibration of the output power and receiver gain of ultrasonic imaging systems. The substances reported here
are immiscible in water and form interfaces with water, resulting in a broad range of acoustic reflection
coefficients. Reflection coefficients were measured at temperatures from 18–24°C for “pure” substances and for
mixtures of two brominated hydrocarbons. Results show that reflection coefficients are weakly dependent on
temperature and that, at a specific temperature, a significant range of arbitrarily small reflection coefficients is
available, in the case of the mixtures, by the appropriate choice of weight-percents of the two brominated
hydrocarbons. (E-mail: thall@kumc.edu) © 2001 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Reference media are required in many quantitative ultra-
sonic measurements. For example, all methods for mea-
suring the acoustic backscatter coefficient require the
measurement of the echo signal from a well-character-
ized medium. Although some techniques use a 3-D ran-
dom distribution of scatterers that produce acoustic
speckle (Yao et al. 1990; Hall et al. 1996; Wear et al.
1995), most use the echo signal from a planar interface
(Sigelmann and Reid 1973; O’Donnell and Miller 1981;
Insana and Hall 1990; Chen et al. 1993). Also, a simple
reflector geometry is required if both the magnitude and
phase of the frequency spectrum from the reference echo
signal are to be determined as, for example, in autore-
gressive spectral estimation (Wear et al. 1993). Reflec-
tors with known reflection coefficients can also be used

to calibrate the pulser and receiver characteristics of an
ultrasonic imaging system.

The use of common solids as reference planar re-
flectors has serious disadvantages when used to calibrate
echo signals that are very small in comparison, as is
generally the case for echoes from soft tissue. Stainless
steel or quartz glass immersed in water results in reflec-
tion coefficients that are nearly unity. The large echo
amplitudes that result can easily saturate the receiver
amplifier on ultrasonic imaging systems, making such
materials undesirable for system calibration. The use of
electronic attenuation to reduce the reflection amplitude
(either before transmission or after echo reception) re-
quires calibration of the attenuating device, and that
device might change the frequency content of the origi-
nal signal. Fluid interfaces can be made with reflection
coefficients that are much lower than those involving
solid materials. The smaller compensating attenuation
changes can result in superior accuracy.

A water-to-carbon tetrachloride interface is some-
times used as a reference reflector (Insana et al. 1994).
However, there are significant disadvantages to using
carbon tetrachloride. First, it is a toxic mutagen that is
readily absorbed through the skin (RTECS 1999). Sec-
ond, the reflection coefficient for a water-carbon tetra-
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chloride interface is very sensitive to temperature near
the typical room temperature of 22°C, because the acous-
tic impedances of carbon tetrachloride and water become
equal at nearly 22°C (see Fig. 1). Therefore, to avoid
large errors in the estimated reflection coefficient, tem-
peratures should be below 21°C or above 23°C. Even
with this temperature restriction, to obtain very small
reflection coefficient magnitudes, the temperature must
be very carefully controlled.

An alternative is to use other liquids that are immis-
cible in water having acoustic impedances that are nearly
equal to that of water throughout the temperature range of
interest. In this paper, we report the reflection coefficients at
the boundary of water and solutions of brominated hydro-
carbons as functions of hydrocarbon mixture ratio and tem-
perature. The solutions have a low vapor pressure at room
temperature. They are described in material safety data
sheets as irritants and, therefore, presumably pose signifi-
cantly lower risk than carbon tetrachloride. (It should be
noted that the Registry of Toxic Effects of Chemical Sub-
stances, (RTECS 1999) lists a variety of biological re-
sponses that should be considered prior to use.) These
materials (interfaced with water) provide reflection coeffi-
cients that are weakly dependent on temperature. Also, the
absolute value of the reflection coefficient can be made to
have an arbitrarily small value by suitable choice of weight-
percents of solution components.

MATERIALS AND METHODS

Materials
Six brominated hydrocarbons were used in making

nine fluid interface reflectors. The manufacturer’s values

for mass density and purity of the six hydrocarbons are
given in Table 1. Three of the nine reflectors were made
using solutions of 1-bromoheptane and 1,6-dibromohex-
ane, the compositions of which are given in Table 2.
Each of the other six samples were made using one of the
“pure” brominated hydrocarbons listed in Table 1. Note
that, in Table 2, 100% 1-bromoheptane is referred to as
sample A, 100% 1,6-dibromohexane is referred to as
sample B, and samples C, D, and E refer to solutions of
the two. Each reflector was made by first pouring ap-
proximately 60 mL of the hydrocarbon (solution) into a
50-mm height, 70-mm diameter crystallizing dish.
Deionized (to 18 MV-cm resistivity) water was then
added slowly to avoid mixing with the hydrocarbon. The
specific gravity of all the hydrocarbons is greater than
unity, so water always is the upper material. Room
temperature vulcanizing (RTV) silicone was used to seal
the dish with a 25-mm thick layer of Saran wrap (Dow
Chemical Co., Midland, MI), air being excluded.

A block of 304 stainless steel (7 cm3 7 cm3 1.5
cm) was ground and lapped to give a surface with irreg-
ularities (“surface texture”)&1 mm. The density of this
block was determined at 22°C using accurately measured
dimensions and mass. The density at other temperatures
was calculated using the typical coefficient for thermal
expansion for 304 stainless steel (17.3mm/m-°C at
20°C) (Harvey 1982). Propagation speeds were mea-
sured at 18°C and 22°C, using a through-transmission

Fig. 1. Plots of the reflection coefficient (r) from a water-to-
carbon tetrachloride interface as a function of temperature
calculated using published data for sound speeds and densities
as a function of temperature (Bilaniuk and Wong 1993; Kell
1975; National Institute of Standards and Technology 1998).
The acoustic impedance of carbon tetrachloride is equal to that
of water near 22°C, resulting in a reflection coefficient of zero.
Near this temperature, the reflection coefficient magnitude is
very sensitive to temperature. (a) Linear plot ofr; (b) logarith-

mic plot of ?r?.

Table 1. Description of the brominated hydrocarbons used to
make water-hydrocarbon interfaces for planar reflectors

Hydrocarbon Molecular formula Purity Density (g/cm3)

1-bromopropane C3H7Br 99% 1.354
1-bromobutane C4H9Br 99% 1.276
1-bromopentane C5H11Br 99% 1.218
1-bromohexane C6H13Br 98% 1.176
1-bromoheptane C7H15Br 99% 1.140
1,6-dibromohexane C6H12Br2 96% 1.586

Hydrocarbons were purchased from Aldrich, Milwaukee, WI. Puri-
ties and densities (at 25°C) are typical values, as specified by Aldrich.

Table 2. Compositions of the brominated hydrocarbon
mixtures used to make water-hydrocarbon interfaces for

planar reflectors

Sample %1-bromoheptane %1,6-dibromohexane

A 100.00 0
B 0.00 100
C 67.00 33.00
D 64.01 35.99
E 61.00 31.00

“Pure” hydrocarbons are those described in Table 1. Components of
the mixtures are given in weight percent.

1004 Ultrasound in Medicine and Biology Volume 27, Number 7, 2001



water-displacement technique (Madsen et al. 1982). The
results are given in Table 3.

To allow direct computation of reflection coeffi-
cients at liquid interfaces, for comparison with measured
values, it was necessary to know the acoustic impedances
of the liquids. Densities and ultrasonic propagation
speeds of water are well documented over a broad tem-
perature range (Bilaniuk and Wong 1993; Kell 1975).
Densities of all brominated hydrocarbons and their solu-
tions were measured using a 50-mL volumetric flask
(Kimax, Kimble/Kontes, Vineland, NJ) and an electronic
balance (Mettler model PM460, Mettler Toledo, Colum-
bus, OH). Accuracy was determined by the6 0.10-mL
uncertainty in the volume measurement.

Ultrasonic propagation speeds were measured at 2.5
MHz relative to water by monitoring the shift in arrival
time of tone burst pulses at a receiver when a known
thickness of the material was interposed, displacing wa-
ter. For the sample C solution, which gives very low
reflection coefficients, speed measurements were made at
2.0, 2.5, 3.5, 5.0 and 6.2 MHz; no dispersion was ob-
served. The liquid samples were contained in 3-cm long
acrylic tubes with 3-cm inner diameter. The ends were
covered with 10-mm thick Saran wrap. Details of the
measurement technique are given in a previous publica-
tion (Madsen et al. 1999).

Measurement of reflection coefficients
Reflector samples were submersed in an acrylic-

walled water bath (volume' 75 L) that was thermally
insulated on the bottom and sides with 25-mm thick
styrofoam. The water surface was thermally insulated
with a 5-cm thick layer of styrofoam packaging “pop-
corn.”

An external refrigerated circulator (Haake model G,
Paramus, NJ) was used to select the temperature of the
bath over the range 18# T # 24°C. The desired tem-
perature was selected and the bath allowed to stabilize
for at least 1.5 h prior to reflection measurements. Tem-
perature in the 20–24°C range was measured with an

NIST-certified ASTM 56-C thermometer (19–35°C;
0.02°C divisions, Ever Ready Thermometer Co., Inc.,
West Paterson, NJ). The 18°C temperature was measured
with an NIST-certified6 0.03°C mercury thermometer
(model 3D-971, Brooklyn Thermometer Co., Inc., Farm-
ingdale, NY).

The water circulator was shut off during the reflec-
tion measurements, to minimize interface motion due to
currents in the water. Echo amplitude measurements for
all reflector types were performed in less than 10 min at
each temperature, and fluctuations in temperature over
these 10-min periods were less than 0.1°C.

At each temperature, measurement of the echo am-
plitude for the first fluid sample measured was repeated
at the end to test for changes in reflection coefficient due
to temperature drift, and all measurements were repeated
if any difference was found. Repeat measurements were
needed only initially, as measurement techniques were
being developed. In addition, after monitoring the reflec-
tion from the center of the interface, the fluid samples
were translated about 5 mm laterally and the echo arrival
time was measured to check for surface flatness. (Devi-
ations from equal arrival time might indicate a nonflat
surface, possibly due to surface tension effects.) A
25-mm thick layer of Saran wrap was suspended over the
stainless-steel reflector to cause propagation losses iden-
tical to those occurring with the liquid samples.

The measurement apparatus included a 13-mm di-
ameter nominal 5-MHz unfocused transducer (Panamet-
rics model V309, Waltham, MA) mounted in a microme-
ter-driven gimbal mount manipulator that allowed peak-
ing the echo signal on the reflecting interface. The
gimbal mount itself was mounted on a micrometer-
driven translator that provided vertical translation. The
reflecting surface was positioned in the far field of the
transducer and the same distance was used for all inter-
faces (about 13 cm). The transducer was shock-excited
and the broad-band echo signals were received by an
ultrasonic analyzer (Panametrics model 5052UA). Echo
waveforms were monitored and recorded with a digital

Table 3. Measured mass density and sound speeds for the stainless steel and three of the liquid samples used for
planar reflectors in this study

Material Density (g/cm3) Sound speed (m/s)
Acoustic impedance

(MRay1)

Stainless steel (304)18.0°C 7.886 0.06 57796 6 45.56 0.3
Stainless steel (304)22.0°C 7.886 0.06 57476 6 45.36 0.3
Sample A 22.0°C 1.13556 0.0023 1135.56 3.4 1.2896 0.004
Sample B 22.0°C 1.6056 0.003 1158.56 3.4 1.8596 0.006
Sample D 22.0°C 1.2706 0.003 1139.06 2.8 1.4466 0.004

The density of stainless steel was measured at 22°C and the density at 18°C was calculated using the typical coefficient for thermal
expansion for 304 stainless steel (17.3mm/m-°C at 20°C) (Harvey 1982). Acoustic impedances were calculated from the measured
density and sound speeds.
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oscilloscope (LeCroy 9310A, Chestnut Ridge, NY ). The
oscilloscope waveform averaging feature was used to
average 50 waveforms to reduce noise, and the peak-to-
peak echo voltage was measured on the averaged wave-
form.

Data analysis
The reflection coefficient,r, for each liquid inter-

face was calculated as follows:

r 5 r ss3
A

Ass
(1)

whereA and Ass are the echo amplitudes for the liquid
and stainless steel interfaces, respectively, andrss is the
reflection coefficient for the water-stainless steel inter-
face.rss was computed using:

r ss5
rwcw 2 rsscss

rwcw 1 rsscss (2)

wherer and c are, respectively, the density and sound
speed in the medium.1 rw and cw were calculated from
published values (Bilaniuk and Wong 1993; Kell 1975),
andrss andcss were calculated using values from Table
3. Values forrss at 18° and 22°C are shown in Table 4.

Estimates of error,Dr, in directly measured reflec-
tion coefficients using eqn (1) were made assuming no
correlation betweenrss, A, andAss. That is,

Dr 5

FS r

r ss
D 2

~Dr ss!
2 1 S r

AD
2

~DA!2 1 S r

Ass
D 2

~DAss!
2G 1/ 2

(3)

Drss 5 0.013 (Table 4) and

DA

A
5

DAss

Ass
5 0.02 (4)

as specified by the manufacturer for the calibrated
LeCroy 9310A.

RESULTS

Measured reflection coefficients for samples A–E at
20°C are shown in Fig. 2. Measurements were repeated
at various times ranging from about 4–2100 h after
manufacture of the samples. The samples containing
either 100% 1-bromoheptane or 100% 1,6-dibromohex-
ane show no change in reflection coefficient with time.
The solutions of 1-bromoheptane and 1,6-dibromohex-
ane do show a time-dependent reflection coefficient but,
after about 100 h (4 days), the reflection coefficients
become constant.

Mean reflection coefficients and standard deviations
for samples A–E measured at temperatures between
18°C and 24°C are shown in Fig. 3. All measurements
are included for samples A and B (100% 1-bromohep-

1 Note that, for sufficiently large attenuation coefficients,rss

could be complex, possibly resulting in significant variations in phase
with frequency and consequent changes in pulse shape. The attenuation
coefficient for steel is far too small to result in significant phase shifts
over the frequency spectrum of the pulses used in this study. Thus, a
real rss is acceptable (see Appendix for verification).

Fig. 2. A plot of the reflection coefficients as a function of time
postmanufacture for the fluid interface reflectors. (E) and (x)5

data for the 0% and 100% bromoheptane, respectively.

Table 4. Amplitude reflection coefficients for the stainless
steel and three of the liquid samples used for planar

reflectors in this study

Material

Computed
reflection
coefficient

Measured
reflection
coefficient

Stainless steel (304) 18.0°C 0.9376 0.013 –
Stainless steel (304) 22.0°C 0.9366 0.013 –
Sample A 22.0°C 20.06886 0.0022 20.07056 0.0021
Sample B 22.0°C 0.1136 0.002 0.1126 0.003
Sample D 22.0°C 20.01316 0.0013 20.01386 0.0005

Measured values were obtained as described in the text. Computed
values were determined from the acoustic impedances in Table 3 and
the temperature-dependent acoustic impedance of water. A nearly
constant fractional uncertainty was found for the measured reflection
coefficients, where the uncertainty is dominated by the uncertainty in
the peak-to-peak voltage measurements.
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tane and 100% 1,6-dibromohexane, respectively). Values
for samples C–E (solutions of 1-bromoheptane and 1,6-
dibromohexane) include only measurements made at
least 96 h after manufacture of the samples; thus, stabil-
ity had occurred, as shown in Fig. 2. Repeated measure-
ments for a single sample at a single temperature dem-
onstrated about a 1% precision.

Curve-fitting provides for prediction of the reflec-
tion coefficient in terms of the weight percent of 1-bro-
moheptane and temperature. A linear least-squares fit for
the temperature-dependence of the reflection coefficient
was first determined for each sample, using the data
shown in Fig. 3. The resulting slopes and intercepts were
then fit to a quadratic function of 1-bromoheptane con-
centration expressed in weight-percent. The resulting
relation is:

r ~B, T! 5 ~ 2 2.2903 1025 B2 2 5.0413 1024

B 2 2.3033 1023! T 1 ~2.3033 1023 B2 2 4.396

3 1022 B 1 0.1634! (5)

where r is the reflection coefficient,B is the weight
percent of 1-bromoheptane, andT is temperature in °C.
The solid straight lines in Fig. 3 were determined using
eqn (5). The good fit to the data corroborates the validity
of eqn (5).

Measured reflection coefficients are compared to
those calculated from acoustic impedances (Table 3) in
Table 4 and Fig. 3.

Measured reflection coefficients for the singly-bro-
minated hydrocarbons listed in Table 1 are plotted in Fig.
4. Reflection coefficients for these “pure” singly-bromi-
nated hydrocarbons do not differ significantly as the
length of the hydrocarbon chain is increased.

DISCUSSION

The agreement between the measured reflection co-
efficients and those predicted from measured mass den-
sities and sound speeds is excellent for all samples.

The time-dependent reflection coefficients found for
solutions C–E might be due to insufficient mechanical

Fig. 3. A plot of the reflection coefficients as a function of temperature for the five samples described in Table 2. The
data points indicate the average of measurements for each sample. The error bars represent6 one SD of the measured
values. Only one measurement was performed at 24°C. The lines are calculated using eqn (5). The thick vertical line
at 22°C for samples A, B, and D are the mean6 one SD for the reflection coefficients computed from density and sound

speed (Tables 3 and 4).
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mixing of the two hydrocarbons. That the initial reflec-
tion coefficients are close to that of the less dense mate-
rial is evidence for this hypothesis because the lower
density material would tend to be the uppermost if mix-
ing is not complete. Diffusion processes would then
complete the mixing.

The very good agreement between the measured
reflection coefficients and those predicted from acoustic
impedances suggests that measurements of sound speed
and density at two temperatures near the desired temper-
ature for using the reflecting surface (i.e., room temper-
ature) would be sufficient to characterize the reflection
coefficient and temperature-dependence of the reflecting
surface. This work demonstrates that the sound speed
and density measurements, which are more commonly
made in acoustics laboratories, are sufficient to estimate
the reflection coefficient over a range of temperatures.

Long-term stability of fluid interfaces is expected. A
possible cause for a change in the reflection coefficient
would be a long-term change in the hydrocarbons due to
interaction with light; keeping the reflection samples
enclosed in an opaque container when not in use would
reduce this possibility.

Equation (5) allows prediction of the bromoheptane
concentration necessary to achieve a desired reflection
coefficient at a specific temperature. For example, a
reflection coefficient of approximately 0.001 would be
achieved at 22.0°C with a mixture of 56.2% 1-bromo-
heptane and 43.8% 1,6-dibromohexane. Alternatively,
eqn (5) can be used to predict that a mixture of 54%

1-bromoheptane and 46% 1,6-dibromohexane would re-
sult in a surface that would provide noninverted reflec-
tions of the incident pulse that are approximately 40 dB
down from a perfect reflector at room temperature. Sim-
ilar calculations could be performed to design a phantom
with a series of reflecting surfaces with equally spaced
reflection coefficients for system characterization.

As shown in the Appendix, if the magnitude of the
reflection coefficient is extremely small (less than about
0.0005), then broad-band pulses might not suffice for
measuring reflection coefficients. However, such small
reflection coefficients are likely never needed and could
also be highly temperature-sensitive through tempera-
ture-dependencies of acoustic impedances.

Radiation pressure, acoustic streaming and absorption
effects

Note that the shape of the presumed planar reflect-
ing surface and difference in acoustic impedances (water
vs. brominated hydrocarbon) could conceivably be influ-
enced by the beam intensity distribution. Variations in
radiation pressure could, with reflection at the interface,
compromise the gravity-induced planar configuration.
Acoustic streaming could have a similar effect. Also, a
temperature rise due to acoustic absorption would cause
acoustic impedance and, therefore, reflection coefficient,
changes. All of these effects, however, are likely limited
to relatively high-intensity beams, perhaps with focus-
ing.

Low-intensity, low-repetition rate (100 s21), pulsed
beams were used in this work. No evidence of reflection
surface distortion or of temporal variations in acoustic
impedances was observed. Regarding acoustic streaming
and radiation pressure effects, the act of peaking the echo
signal for a water-to-brominated-hydrocarbon interface
was indistinguishable from that for the water-to-stainless
steel interface. Presumably, if local distortion of the
reflecting surface had occurred, then the angular rotation
of the transducer relative to the reflector (done to peak
the echo signal from the fluid interface) would have
caused translating distortion on the interface inducing
time-dependent wave motion of the interface with con-
comitant unexpected fluctuations in the echo signal, even
during pauses in angular rotation; no such fluctuations
were observed. Also, with the transducer remaining fixed
in position and the beam operating for 5 min or more, no
changes in echo amplitude were ever observed, indicat-
ing no significant temperature rises due to acoustic ab-
sorption.

It may be a wise precaution, however, for users of
the liquid interface reflectors to be watchful for the
described echo signal fluctuations as evidence that
acoustic streaming and/or radiation pressure effects are
not negligible. A test for slow temporal change in echo

Fig. 4. A plot of the reflection coefficient as a function of
temperature for the singly-brominated samples described in
Table 1. The data points indicate measurements for each sam-

ple. The solid line was calculated using eqn (5).
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signal might also be done to detect significant thermal
effects due to acoustic absorption.

Very importantly, the most conclusive evidence that
acoustic streaming and radiation pressure effects were
insignificant in our study is the fact that measured re-
flection coefficients were equal to computed reflection
coefficients within experimental error.

CONCLUSIONS

Halogenated hydrocarbons with high purity and
having density greater than water can be used to form
planar interfaces with water. Such interfaces can be
produced with arbitrarily small reflection coefficients
using solutions of 1-bromoheptane and 1,6-dibromohex-
ane. Reflection coefficients are weakly temperature-de-
pendent. Accurate values for the reflection coefficient for
the solutions can be predicted as a function of tempera-
ture and hydrocarbon concentration.
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APPENDIX

Complex reflection coefficients
The reflection coefficient for normal incidence of a plane sinu-

soidal wave onto a planar interface from medium 1 onto medium 2 is:

R 5
r2c2 2 r1c1

r2c2 1 r1c1
(A1)

wherer is density andc is propagation speed.R can be expressed in
terms of the frequency and wave numberk using the relationc 5 v/k
as follows:

R 5
r2k1 2 r1k2

r2k1 1 r1k2
. (A2)

k becomes complex (kc) if attenuation is present. If plane waves
traveling in the positivex direction are represented by expi(kcx 2 vt),
then kc 5 k 1 ia (v) wherek 5 v/c is the real part anda is the
(amplitude) attenuation coefficient. Thus,R is generally complex, re-
sulting in phase shifts on reflection depending on the values ofa1 and
a2. If continuous waves are used to measureR, then there is a single
phase shift and peak-to-peak amplitude determinations are sufficient to
determineuRu, which is usually the only quantity of interest. However,
the reflection coefficients measured in the reported work were deter-
mined with broad-band pulses. Thus, if phase shifts are not smalland
there is a frequency-dependence, the wave-form (shape) can vary
accordingly, compromising the use of peak-to-peak amplitudes in re-
flection coefficient measurements. The purpose of this appendix is to
show that attenuation coefficient effects are negligible for the broad-
band pulses used in the reported work. When the reflection coefficients
are extremely small, much smaller than any reported and probably
much smaller than needed by any investigator, accounting for attenu-
ation may be necessary.

Water-to-stainless steel reflection
We take the attenuation coefficient of water to be too small to be

of concern. The attenuation coefficient for stainless steel is assumed to
be comparable to that for hardened steel (5 m21 5 0.05 cm21 at 10
MHz) (Kaye and Laby 1973). (Note that propagation speeds for a
10-cm long, 8-cm diameter cylinder of stainless steel were measured in
our laboratory at 2.0, 3.5 and 5.0 MHz, and no speed dispersion was
found.) Assuming that the attenuation decreases with frequency, the
above value can be considered a reasonable upper limit for the fre-
quencies in our nominal 5-MHz pulses. Introducing the speed for
stainless steel from Table 3 and an attenuation coefficient of 0.05 cm21

into eqn (A2), we getR 5 0.93652 4.5 3 1025i , which corresponds
to a negligible phase shift of20.0027°. Thus, phase shifts are consid-
ered unimportant for reflection from stainless steel for the broad-band
pulses employed in this work. Also, ignoring the imaginary part of the
reflection coefficient is justified.

Water-to-partially brominated hydrocarbon interfaces with very small
reflection coefficient magnitudes

WhenuRu becomes small enough and peak-to-peak amplitudes of
broad-band pulses are used to determineR, frequency-dependent at-
tenuation in the partially brominated hydrocarbon can compromise the
measurements by causing distortion of the waveforms. However, as

Low-reflection interfaces● T. J. HALL et al. 1009



will be shown, the compromising occurs only for extremely small
values of?R?, (i.e., uRu , 0.0005). Thesmallest value of?R? measured
in this work is about 0.01; thus, attenuation of the partially brominated
hydrocarbon solutions had no effect.

Measurements were made of propagation speeds and attenuation
coefficients at 22°C in a solution corresponding to sample C. Results
are shown in Table 5. The density of the material at 22°C is 1.261
g/cm23. The attenuation coefficient values are so small that they are in
the range of the uncertainties.

Assume that the attenuation coefficient for any significant fre-
quencies in our broad band pulse is less than four times the value at 6.2
MHz, viz, 0.8 dB/cm ' 0.08 cm21. Using a 5 0.08 cm21, the
reflection coefficient will be:

R 5
r2~2pf/c1! 2 r1@~2pf/c2! 1 i ~0.08cm21)]

r2~2pf/c1! 1 r1@~2pf/c2! 1 i ~0.08cm21)]
(A3)

where we takef to be 10 MHz,c1 5 1489 m/s (water),c2 5 1143 m/s,
r1 5 1.000 g/cm23, andr2 5 1.261 g/cm23. The resulting complex
reflection coefficient is:

R 5 20.01632 i ~0.000075!. (A4)

The corresponding phase angle is2179.74°. Thus, the shift due to
nonzero attenuation is10.3°, which represents an upper bound for the
frequencies in the (nominal) 5-MHz pulses. We conclude that attenu-
ation of the partially brominated hydrocarbon in our experiments is
negligible and that the values ofR can be taken to be real.

Note, however, that whenuRu becomes extremely small, it could
become necessary to consider attenuation effects. For example, sup-
pose that the real part of the numerator in eqn (A3) is only20.5 cm21

instead of217.6 cm21, the real part of the demoninator remaining at
about 1081 cm21. ThenR becomes

R 5 20.00052 i ~0.000075! (A5)

with a possibly significant phase shift due to attenuation of about 8°.
Thus, if ?R? , 0.0005,attenuation effects may be significant when
broad-band pulses such as ours are used to determineR. Such low
values of?R? are likely unnecessarily small and are likely impractical
because temperature variations could become bothersome.

Table 5. Propagation speeds and attenuation coefficients of
sample C material at 22°C

Frequency (MHz) Speed (m/s)
Attenuation coefficient

(dB/cm)

2.0 11436 1 0.06 0.1
3.5 11446 1 0.16 0.1
5.0 11436 1 0.26 0.1
6.2 11436 1 0.26 0.1
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