NPL

National Physical Laboratory

du

FUNDED BY THE DTI

NPL REPORT
DQL-AC (RES) 013

BIPM/CIPM Key Comparison
CCAUV.U-K2:

Comparison of 1. mm
hydrophone calibrations in
the frequency range

1 MHz to 15 MHz

Final Report

Bajram Zeqiri and
Nigel D Lee

September 2005

National Physical Laboratory | Hampton Road | Teddington | Middlesex | United Kingdom | TW11 OLW

Switchboard 020 8977 3222 | NPL Helpline 020 8943 6880 | Fax 020 8943 6458 | www.npl.co.uk



NPL Report DQL-AC RES 013

BIPM/CIPM Key Comparison CCAUV.U-K2:
Comparison of 1 mm hydrophone calibrations
in the frequency range 1 MHz to 15 MHz

Final Report

Bajram Zeqiri and Nigel D Lee
Quality of Life Division
National Physical Laboratory
Teddington, Middlesex
United Kingdom
TWI11 0LW

ABSTRACT

This is the Final Report describing BIPM/CIPM Key comparison CCAUV.U-K2, involving
the comparison of 1 mm active element hydrophone calibrations at ultrasonic frequencies
over the range 1 MHz to 15 MHz. The report summarises the results of the participants: TNO
(The Netherlands), PTB (Germany), NIM (China), FORCE Institute (Denmark) and NPL
(The United Kingdom). It also provides proposals for deriving the key comparison reference
values (KCRVs) and their associated uncertainties as well as the degrees of equivalence
between participant laboratories. Over the frequency range 1 MHz to 5 MHz, agreement
between the four laboratories providing independent absolute calibrations of the hydrophones
was within the quoted individual uncertainties. However, at both 10 MHz and 15 MHz, one of
the laboratories provided values for the open-circuit free-field sensitivity that were
significantly discrepant. Following a meeting at BIPM in October 2002, it was suggested the
origin of the discrepant results should be investigated through a bilateral comparison between
the laboratory involved and NPL. The revised results obtained from this bilateral comparison
are also presented in this report and, along with the results originally submitted by three of the
other laboratories, are used to evaluate the key comparison
reference values (KCRVs) and the resultant degrees of equivalence between the participating
laboratories.
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1 INTRODUCTION

A central objective of the Mutual Recognition Arrangement (MRA), signed by national
measurement institute (NMI) directors in 1999, is the establishment of the degrees of
equivalence of national measurement standards held by each institute. International comparisons,
known as key comparisons, represent the sole mechanism for establishing these degrees of
equivalence.

This document constitutes the Final Report of the key comparison CCAUV.U-K2, undertaken
under the auspices of the BIPM/CIPM Consultative Committee for Acoustics, Ultrasound and
Vibration. The key comparison relates to the realisation of the acoustic pascal in water at
ultrasonic frequencies. This report makes recommendations regarding the:-

e key comparison reference values (KCRVs) and their associated uncertainties.
From these KCRYV values, the Report specifies the:-

e deviations from the reference value and the uncertainty of this deviation for each of the
individual participant laboratories;

e degrees of equivalence between participant laboratories and the associated uncertainties.

The individual reports supplied by the measurement institutions taking part in the key
comparison are presented in Appendices C (NIM), E (FORCE Institute), F (PTB), G (TNO)
and J (NPL). Supplementary reports submitted by TNO and NIM are presented in appendices
D and H respectively. These Appendices give uncertainty budgets for the calibration results
provided by the participants.

This Report B is circulated as a confidential report although the ultimate intention is to
publish the results of the key comparison more widely within the open literature, following
the agreement of the laboratories participating in the key comparison.
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2 BACKGROUND TO COMPARISON

The realisation of the acoustic pascal is most appropriately achieved through a comparison of
calibrations carried out on stable transfer standard hydrophones; 1 mm active element bilaminar
membrane hydrophones, being chosen for this purpose (Preston et al. 1981). The detailed
protocol of the comparison is described in the associated earlier report (Lee and Zeqiri 2001) and
only the key aspects will be dealt with here. With NPL acting as the pilot laboratory, two
hydrophones were calibrated using the NPL primary standard laser interferometer and circulated
sequentially to participant NMI laboratories in Germany, China, The Netherlands and Denmark.
Laboratories were asked to report values for the hydrophone open-circuit free-field sensitivity
over the frequency range 1 MHz to 15 MHz. The principal calibration methods used by the
NMIs were optical interferometry and/or two-transducer reciprocity. The sequence of
calibrations was as follows:-

NPL (initial calibration) May 1999

TNO January — February 2000

PTB April- May 2000

NIM June-August 2000

FORCE Institute September — November 2000

NPL (final calibration) August 2001.

NIM May 2003 - August: Bilateral comparison.
NIM Report received November 2003.

NPL August 2003: Final stability checks at NPL.

The first report was circulated in February 2002 as an In-confidence Report to participants for
comment. Following receipt of these comments, a number of key decisions were made by the
participants which affected the declared comparison values used within the current Report to
derive the KCRVs. These decisions are summarised as follows:-

e due to the limited availability of temperature coefficient data for the hydrophones at the
specific frequencies of interest, it was decided not to correct any measurement data for
differences in temperature between the laboratories. The majority of participant laboratories
completed measurements within the temperature range 20°C — 21.5°C and for these the
ensuing corrections for the generic type of hydrophone used in the comparison are negligible
(<0.3%);

e one of the NMIs involved in the key comparison, the FORCE Institute of Denmark, supplied
calibration values which had been derived through a relative method traceable to both PTB and
NPL. Due to this correlation in results, it was agreed that FORCE’s results would not be used in
deriving KCRVs. However, for completeness, the FORCE results will be presented within the
tables describing the KCRVs and the degrees of equivalence;

e from the results presented in the first report, the TNO (The Netherlands) concluded that their
results showed a consequent underestimate compared to the results of other participants.
Although the difference was within the measurement uncertainty, TNO wished to investigate the
origin of the difference. They therefore requested that they should be able to repeat calibrations
on one of the reference hydrophones used during the comparison, IP027. Once the hydrophone
had been returned by NPL, calibrations were repeated using an identical set-up and the results
were within £2% of the initial value, indicating a possible systematic effect. The only part of
their measurement system TNO judged to be responsible was the source transducer used. A

2



NPL Report DQL-AC RES 013

thorough beam characterisation established an asymmetrical beam. The acoustic beam
characterisation was repeated for another, identical, source transducer that exhibited a more
predictable behaviour. Calibrations of hydrophone IP027 were then repeated with this source
transducer and TNO requested that the data presented in the first report be corrected to revised
values of the open-circuit sensitivity presented in the revised Report. This approach was agreed
by all participants. The original TNO values for the hydrophone IP027 along with the revised
sensitivities are summarised in Section 3. A Supplementary report from TNO describing these
calibrations is given in Appendix H.

e NIM (China) reported an error in their analysis of sensitivity values during the correction for
attenuation through the water path. They requested that the data presented in the first report be
corrected with revised values of the open-circuit sensitivity being presented in the revisd Report.
This was subsequently agreed by all participants, and the original NIM values along with the
revised data are summarised in Section 3. A Supplementary report from NIM describing these
calibrations is given in Appendix D.

An advanced version of the revised report was presented to the CCAUV at a meeting at BIPM in
October 2002 as an In-confidence Report to participants for comment. Following receipt of these
comments, the participant NMIs agreed further investigation into the reasons for the discrepant
results at 10 and 15 MHz should be carried out in the form of a bilateral comparison between
NIM (China) and NPL. Hydrophone [P027 was consequently returned to NIM during May 2003,
and the measurements completed, with the hydrophone being sent back to NPL during August
2003. NIM attributed their discrepant results to issues related to measuring transducer
transmitting current, and for the bilateral comparison they used a new current probe. Upon return
to NPL, a further check on the stability of the hydrophone frequency response was carried out.

It should be noted that TNO and NIM were only able to complete repeat measurements on the
hydrophone IP027. Consequently, it is only results for this hydrophone which will be used the
KCRYV analysis described in Section 5.
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3 FINAL DECLARED PARTICIPANT VALUES USED WITHIN THE
KCRYV ANALYSIS

Tables 3.1 and 3.2 represent a summary of the open-circuit free-field sensitivity values
declared by TNO, PTB, NIM, FORCE and NPL. The Tables include the original data
provided by the NIM and TNO along with their amended measurements. There were no
changes to the uncertainty figures declared by these two laboratories. Although only results
for hydrophone IP027 will be used in the KCRV analysis presented in Section 5, data for
IP039 are also presented because this hydrophone has been used to assess the stability of the
hydrophone IP027, during the course of the key comparison (see Section 4).

Table 3.1: Summary of end-of-cable open-circuit sensitivities, expressed in nV Pa™, for
the hydrophone IP039 derived by the five participant laboratories taking part in
this key comparison. Revised and original values are presented for the TNO
(The Netherlands) and the NIM (China). It should be noted that the values
submitted by FORCE are obtained from a relative method of calibration.
Declared values of the expanded uncertainty, given in nV Pa™, have been
derived using a coverage factor, k, equal to 2.

Participant (MHz)
1 2 5 10 15
NPL 169.5 170.7 177 200.8 258.7
(original) (#4.1) (+4.3) (+4.4) (£5.2) (£10.3)
PTB 170.6 170.9 176.8 202.1 265.2
(original) (+14.3) (£14.0) (£14.1) (£17.0) (£22.8)
TNO 167.6 173.2 177.1 185.8 232.6
(original) (£10.1) (£10.2) (£10.8) (£11.1) (£14.9)
NIM 174 181 181 186 259
(revised after (+13.7) (£13.6) (£13.0) (£19.2) (£24.1)
circulation of
original)
NIM 174 181 179 178 169
(original) (+13.7) (+13.6) (£12.9) (+18.3) (£15.7)
FORCE 175 174 185 214 261
(original) (£13.8) (£13.8) (£14.6) (£18.6) (£25.6)
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Table 3.2: Summary of end-of-cable open-circuit sensitivities, expressed in nV Pa’, for
the hydrophone IP027 derived by the five participant laboratories taking part in
this key comparison. Revised and original values are presented for the TNO
(The Netherlands) and the NIM (China). Also values obtained by the NIM
from the bilateral comparison are presented. It should be noted that the values
submitted by FORCE are obtained from a relative method of calibration.
Declared values of the expanded uncertainty, given in nV Pa’, have been
derived using a coverage factor, &, equal to 2. Laboratory results identified
with the asterisk (*) have been used in the KCRYV analysis.

Frequency
(MHz)
Participant
1 2 5 10 15
NPL* 157.5 158 170.9 194.5 244.6
(original) (+4.9) (+4.0) (+4.4) (£5.1) (£7.6)
PTB * 158.1 161.4 171.6 199.1 252.8
(original) (x13.3) (+13.6) (+14.1) (x16.7) (£22.8)
TNO * 155.1 163.5 169.3 207.8 237.7
(revised after (#9.3) (£9.6) (+10.2) (*12.3) (x14.3)
circulation of
original)

TNO 155.1 163.5 169.3 180.4 2243
(original) (#9.3) (£9.6) (£10.2) (£12.3) (£14.3)
NIM * 156.3 164.3 172.9 191.5 244.9

(Results (x11.4) (x11.9) (£12.6) (*13.8) (+18.2)
obtained from

Bilateral
comparison)

NIM 150 163 162 165 213
(revised after (x11.4) (*12.1) (*11.3) (+19.8) (+20.9)
circulation of

original)

NIM 150 163 160 158 139

(original) (x11.4) (x12.1) (£11.2) (£19.0) (+13.6)
FORCE 166 164 177 205 246
(original) (x13.8) (x13.1) (£14.0) (x18.0) (+£24.4)
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4 STABILITY OF REFERENCE HYDROPHONES

As described in the first Report (Lee and Zeqiri 2002), intermediate checks of the stability of
the two key comparison hydrophones were completed whenever the devices were returned to
NPL. This occurred when a NMI laboratory had completed their measurements. The
technique used to calibrate the hydrophones is commonly referred to as the ‘nonlinear’
method, and is a comparison method utilizing a distorted 1 MHz fundamental waveform
containing frequency components well beyond the 15 MHz limit of the key comparison. The
response of the hydrophone within this acoustic field is compared to that of a secondary
standard hydrophone which has itself been previously calibrated using the NPL primary
standard. Throughout the course of the key comparison, this technique was used to monitor
the stability of both of the hydrophones IP039 and IP027.

This Section presents the results of these stability checks in a primarily graphical format.
Additionally, it provides values for the ratio’s of the derived sensitivities of the two
hydrophones — IP039/IP027. This quantity represents a much better test of the stability of the
hydrophones as the ratio will be relatively insensitive to slight drifts in the measurement
system which occur over a period of time.

4.1 1 MHz

Figure 4.1 illustrates the variation in the measured sensitivity of the two reference
hydrophones, 1P027 and 1P039, during the course of the key comparison. Checks on the
stability of the devices are shown at the beginning (May 1999) and end (August 2003) of the
comparison. Results for both hydrophones appear to indicate a similar drop in sensitivity
during the course of the comparison, relative to the sensitivity at the beginning and end,
arising from a slight drift in the measurement system. This is demonstrated in Figure 4.2,
where the ratio of the derived open-circuit sensitivities of the hydrophones is presented over
the same time-period. This latter figure indicates that the sensitivities of the hydrophone have
remained stable to well within the random uncertainties in the measurements. The derived
ratio is 1.0630 £ 0.0100, where the standard uncertainty is given derived from the 7
measurements.

42 2MHz

Figures 4.3 and 4.4 present stability checks carried out at a frequency of 2 MHz, for values of
absolute sensitivity and the sensitivity ratio of the two hydrophones, respectively. From
Figure 4.4, the mean value of the sensitivity ratio is 1.0509 + 0.0097, where the standard
uncertainty is given derived from the 7 measurements.

4.3 5 MHz

Figures 4.5 and 4.6 present stability checks carried out at a frequency of 5 MHz, for values of
absolute sensitivity and the sensitivity ratio of the two hydrophones, respectively. From
Figure 4.6, the mean value of the sensitivity ratio is 1.0353 + 0.0062, where the standard
uncertainty is given derived from the 7 measurements.
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Stability checks carried out at NPL during the course of the key comparison.
Values of the end-of-cable open-circuit sensitivities of the two hydrophones
used, IP027 (o) and IP039 (0), are presented at a frequency of 1 MHz. Values
for the standard uncertainty are given which in each case has been derived
from four repeat measurements.
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Stability checks carried out at NPL during the course of the key comparison.
Values of the ratio of the end-of-cable open-circuit sensitivities of the two
hydrophones used, IP027 and IP039, are given derived at a frequency of
1 MHz. Standard uncertainties are presented for the ratio.
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Figure 4.3:
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standard uncertainties are presented derived in each instance from four repeat
measurements.
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Stability checks carried out at NPL during the course of the key comparison.
Values of the ratio of the end-of-cable open-circuit sensitivities of the two
hydrophones used, IP027 and IP039, are given derived at a frequency of
2 MHz. Standard uncertainties are presented for the ratio.
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standard uncertainties are presented derived in each instance from four repeat
measurements.

Jul-98 Dec-99 Apr-01 Sep-02 Jan-04

Figure 4.6:

Stability checks carried out at NPL during the course of the key comparison.
Values of the ratio of the end-of-cable open-circuit sensitivities of the two
hydrophones used, IP027 and IP039, are given derived at a frequency of
5 MHz. Standard uncertainties are presented for the ratio.
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Figure 4.7:

Figure 4.8:
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Stability checks carried out at NPL during the course of the key comparison.
Values of the end-of-cable open-circuit sensitivities of the two hydrophones
used, [P027 (o) and IP039 (0), are given derived at a frequency of 10 MHz.
The standard uncertainties are presented derived in each instance from four
repeat measurements.
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Stability checks carried out NPL during the key comparison. Values of the
ratio of the end-of-cable open-circuit sensitivities of the two hydrophones
used, [P027 and IP039, are given derived at a frequency of 10 MHz. Standard
uncertainties are presented for the ratio.
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Stability checks carried out at NPL during the course of the key comparison.
Values of the end-of-cable open-circuit sensitivities of the two hydrophones
used, [P027 (o) and IP039 (o), are given derived at a frequency of 15 MHz.
The standard uncertainties are presented derived in each instance from four
repeat measurements.
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Stability checks carried out at NPL during the course of the key comparison.
Values of the ratio of the end-of-cable open-circuit sensitivities of the two
hydrophones used, IP027 and IP039, are given derived at a frequency of 15
MHz. Standard uncertainties are presented for the ratio.
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4.4 10 MHz

Figures 4.7 and 4.8 present stability checks carried out at a frequency of 10 MHz, for values
of absolute sensitivity and the sensitivity ratios of the two hydrophones, respectively. From
Figure 4.8, the mean values of the sensitivity ratio are 1.0344 + 0.0094, where the standard
uncertainty is given derived from the 6 measurements.

4.5 15 MHz

Figures 4.9 and 4.10 present stability checks carried out at a frequency of 15 MHz, for values
of absolute sensitivity and the sensitivity ratios of the two hydrophones, respectively. From
Figure 4.10, the mean values of the sensitivity ratio are 1.0459 £ 0.0056, where the standard
uncertainty is given derived from the 6 measurements.

4.6  CONCLUSIONS

The reference checks carried out on the two hydrophones indicate that each hydrophone was
stable during the course of the comparison. There is no evidence of a systematic drift of the
sensitivity of the either of the hydrophones during the course of the key comparison. These
findings are entirely in line with previously documentary evidence (Preston et al. 1999) that
this type of hydrophone exhibits excellent temporal stability, with no evidence for long-term
variation of the sensitivity of the bilaminar hydrophone by more than +0.0013 per annum.
Furthermore, by following the ratio of the sensitivity of two secondary standard hydrophones
over more then ten years at NPL, the observed systematic trend exhibits a relative increase of
no more than +0.0025 per annum.

12
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5 ANALYSIS OF KEY COMPARISON REFERENCE VALUES (KCRYVs)
5.1 PHILOSOPHY

In carrying out the KCRV analysis, known correlations between uncertainty contributions
declared by the participant laboratories have been removed. The only relevant component
involved was the loading correction of the hydrophone when used in conjunction with the
amplifier circulated (Lee and Zeqiri 2002). As the uncertainty associated with this correction
is potentially common to all uncertainty budgets, it has been removed from the participant
uncertainty budgets, where appropriate.

The data for this key comparison presented in Section 5 has been analysed the BIPM
guidelines (Cox, M.G., The evaluation of key comparison data, 2002, Metrologia, 39, 589 —

595). This publication sets out procedures for:

e deriving the key comparison reference values (KCRVs);

e deriving the uncertainty in the KCRV values;

e checking the consistency of data;

e cstablishing the degrees of equivalence of participant laboratories.

The equations and approach used will now be described.
5.2 KEY FORMULAE
5.2.1 Deriving the KCRV from the weighted mean

As proposed within the BIPM procedures, KCRVs for this key comparison have been derived
using a weighted mean analysis. From Cox (1999), the weighted mean, xgcry, is given by:

N
Xxcry  _ Z X;
2 2

Ugcry j=1 U
where N is the number of values in the comparison, and x; is the jth comparison value.
5.2.2 The uncertainty in the KCRV value
The standard uncertainty associated with the KCRV, ukcgy, 1s given by:-

1 Mo
2227

Ugcry =1 U

where u; is the standard uncertainty of the key comparison value provided by the jth
participant.

5.2.3 Consistency checks
The consistency check applied to the data sets at each of the frequencies involves the standard

chi-squared test, where the observed chi-squared value, yobs is given by:

13



NPL Report DQL-AC RES 013

Zobs ﬁ:(x, xKCRV)

Jj=1 j

The data set is judged to be inconsistent if the probability of occurrence of a > value greater
than Xobsz 1s less than 5%, or:

Pr {;(2(1/)>;(0bsz }<0.05.

Here, v represents the degrees of freedom (v=N-1). Within analysis presented in this report,
KCRYV values are analysed using typically four laboratories (v=3), and this effectively sets an
upper limit to the value of y of approximately 8. Therefore, in cases where the derived
value of xobsz > 8, the results may be considered to be inconsistent.

A point of interest for key comparison lies in the methods used to identify discrepant
laboratories (BIPM 2001; Beissner 2001). The BIPM procedures (BIPM 2001) provide
guidance on identifying discrepant laboratories, and, for information, the main features of the
analysis will be presented.

From the KCRYV vales calculated in Section 6.2.1, and the individual values of the participant
laboratories (x;j), the degree of equivalence of the laboratory may be described by the pair of
values (d;, U(d;)) given by the pair of equations:

d; =x; = Xgcpy

and
U(d,)=1.96u(d,)

where the uncertainty in the degree of equivalence, or the deviation from the KCRV, is given
by the expression:

u’ (d, ):“z(xj ) =1’ (Xgepy )
A discrepant laboratory is identified as one for which:
|d;|>1.96u(d,).

If this inequality is satisfied, then the particular value x; is described as discrepant at an
approximate 5% level of significance.

Note: the BIPM procedures deal with a confidence level of 95%. In many parts of this report, a
coverage factor of k=2 is used corresponding to a confidence level of 95.45%.

14
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53 KEY COMPARISON REFERENCE VALUES
53.1 1 MHz

Figure 5.1 shows the key comparison results derived at a frequency of 1 MHz. The KCRYV is
157.0nV Pa”' +3.9 nV Pa’', where the expanded uncertainty and has been calculated using a
coverage factor equal to 2. From the data set, the value of ¥ (3) = 0.25, indicating that the
results are consistent.

532 2MHz

Figure 5.2 shows the key comparison results derived at a frequency of 2 MHz. The KCRYV is
159.4nV Pa”' +3.4nV Pa’', where the expanded uncertainty is given and has been calculated
using a coverage factor equal to 2. From the data set, the value of yu’(3) = 2.0, indicating
that the results are consistent.

533 5MHz

Figure 5.3 shows the key comparison results derived at a frequency of 5 MHz. The KCRV is
171.0 nV Pa’ +3.7nV Pa’', where the expanded uncertainty is given calculated using a
coverage factor equal to 2. From the data set, the value of xobsz(?)) = (.21, indicating that the
results are consistent.

534 10MHz

Figure 5.4 shows the key comparison results derived at a frequency of 10 MHz. The derived
KCRV is 196.1 nV Pa” +4.3 nV Pa’', where the expanded uncertainty is given calculated
using a coverage factor equal to 2. From the data set, the value of ¥ (3) = 4.4, indicating
that the results are consistent.

535 15MHz

Figure 5.5 shows the key comparison results derived at a frequency of 15 MHz. The KCRYV is
243.9nV Pa’ +6.1 nV Pa’', where the expanded uncertainty is given calculated using a
coverage factor equal to 2. From the data set, the value of Xobs2(3) = 1.4, again indicating that
the results are consistent.
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185

180
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Open-circuit sensitivity (nV Pa™")

145

140 |

135

Figure 5.1:

170

165 |

160 |

155

150 |

PTB NPL TNO NIM FORCE*

Summary of key comparison results obtained at a frequency of 1 MHz for the
five laboratories. The results of individual participants are shown along with
the expanded uncertainties derived using a coverage, k, equal to 2. The KCRV
value derived from the set of data is depicted by the bold horizontal line, with
the uncertainty limits of the value, again calculated using a coverage factor of
2, being given by the two horizontal broken lines. In this figure and in the
subsequent ones 5.2 to 5.5, the value obtained by the FORCE Institute,
identified by *, were obtained using a relative method. It should be noted that
the FORCE results were not used in the KCRV analysis described in
Appendix A.
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180
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145

PTB NPL TNO NIM FORCE*

Figure 5.2:  Summary of key comparison results obtained at a frequency of 2 MHz for the
five laboratories. The results of individual participants are shown along with
the expanded uncertainties derived using a coverage factor, k, equal to 2. The
KCRYV value derived from the set of data is depicted by the bold horizontal
line, with the uncertainty limits of the value, again calculated using a coverage
factor of 2, being given by the two horizontal broken lines.
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Figure 5.3:
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PTB NPL TNO NIM FORCE*

Summary of key comparison results obtained at a frequency of 5 MHz for the
five laboratories. The results of individual participants are shown along with
the expanded uncertainties derived using a coverage, k, equal to 2. The KCRV
value derived from the set of data is depicted by the bold horizontal line, with
the uncertainty limits of the value, again calculated using a coverage factor of
2, being given by the two horizontal broken lines.
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210 -

205 -

200 1

195

190

PTB NPL TNO NIM FORCE*

Summary of key comparison results obtained at a frequency of 10 MHz for the
five laboratories. The results of individual participants are shown along with
the expanded uncertainties derived using a coverage, k, equal to 2. The KCRV
value derived from the set of data is depicted by the bold horizontal line, with
the uncertainty limits of the value, again calculated using a coverage factor of
2, being given by the two horizontal broken lines.
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Open-circuit sensitivity (nV Pa™)
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Figure 5.5:
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PTB NPL TNO NIM FORCE*

Summary of key comparison results obtained at a frequency of 15 MHz for the
five laboratories. The results of individual participants are shown along with
the expanded uncertainties derived using a coverage, k, equal to 2. The KCRV
value derived from the set of data is depicted by the bold horizontal line, with
the uncertainty limits of the value, again calculated using a coverage factor of
2, being given by the two horizontal broken lines.
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The previous Section has presented a description of the how the KCRV values were derived at
each of the acoustic frequencies used within this comparison. For ease of reference, these are
now summarised in Table 5.1.

Table 5.1: Summary of key comparison reference values derived from the key
comparison CCAUV.U-K2. Values of expanded uncertainty are presented
derived from the comparison.

Frequency Key comparison KCRY expanded
(MHz) reference (KCRYV) uncertainty (k=2)
(nV Pa'l) (nV Pa'l)

157.0 3.9

159.4 34

170.9 3.7

10 196.1 4.3

15 244.0 6.1

54  DEVIATIONS FROM KCRV VALUES AND DEGREES OF EQUIVALENCE
Proposals for the parameters are made in the attached Appendices. Appendix A deals with the

deviations of the participant results from the KCRV values. Appendix B presents Tables
providing degrees of equivalence for the laboratories.
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6 SUMMARY

A number of points may be made to summarise the findings of the completed Key
Comparison CCAUV.U-K2:

e due a variety of reasons, the number of NMIs completing absolute measurements on the
circulated reference hydrophones was restricted to only four;

e three of the NMIs were from Europe (NPL - United Kingdom; PTB - Germany; TNO - The
Netherlands) along with NIM (China);

e the expanded uncertainties declared by the laboratories showed a significant variation,
typically by a factor as high as 2 or 3, with NPL providing lowest uncertainties;

e the KCRYV values at the five frequencies of interest have been calculated using the weighted
mean;

e at the three lowest frequencies, 1 MHz, 2 MHz and 5 MHz, agreement between the four
laboratories was good, within quoted expanded measurement uncertainties;

e at 10 MHz and 15 MHz, the results of NIM were considered to be discrepant;
e through a bilateral comparison, NIM traced the origin of their discrepant results and
submitted new values for the open-circuit sensitivity of one of the hydrophones. These values

have been fed into the KCRYV analysis;

e tabulations of deviations from the KCRV values for the individual laboratories and the
degrees of equivalence between NMIs are presented in two Appendices.
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APPENDIX A: DEVIATIONS OF INDIVIDUAL PARTICIPANT
VALUES FROM THE DERIVED KCRV’s

This Appendix provides tables for the deviations of the individual participant results
from the KCRV values derived in Section 5. Tables Al to A5 cover each of the
frequencies over the range 1 to 15 MHz. Within these Tables, the deviation is
calculated relative the magnitude of the derived KCRYV value, using the expression:-

d. . = X; = Xkcry

Xxcry

where x; is the value provided by the ith participant and xxcry is the relevant KCRV.
Expressions for the derivation of the uncertainty in the deviation have been presented
Section 5. Within Tables A1l to A5, the relative expanded uncertainties in the
deviation are given using k=2. These deviations have been normalised to the KCRV
using:-

u(d,)

U(di,R) =

X xcry

Table A.1:  Table summarising deviations of the individual participant results from
the derived KCRYV values at a frequency of 1 MHz. Values for the
relative expanded uncertainty (k=2) in the deviations are also given.

Participant Relative deviation from Uncertainty in relative
Laboratory KCRYV deviation from KCRV
(dir) (UdiR)
TNO -0.012 0.053
NPL 0.003 0.019
PTB 0.007 0.079
NIM -0.004 0.067
FORCE 0.057 0.083




Table A.2:  Table summarising deviations of the individual participant results from
the derived KCRYV values at a frequency of 2 MHz. Values for the
relative expanded uncertainty (k=2) in the deviations are also given.

Participant Relative deviation from Uncertainty in relative
Laboratory KCRYV deviation from KCRV
(dir) (UdiR)

TNO 0.026 0.056

NPL -0.009 0.013

PTB 0.012 0.081

NIM 0.031 0.070

FORCE 0.029 0.078

Table A.3:  Table summarising deviations of the individual participant results from
the derived KCRYV values at a frequency of 5 MHz. Values for the
relative expanded uncertainty (k=2) in the deviations are also given.

Participant Relative deviation from Uncertainty in relative
laboratory KCRV deviation from KCRV
dir) (Uldir)
TNO -0.009 0.054
NPL 0.000 0.014
PTB 0.004 0.078
NIM 0.012 0.069
FORCE 0.036 0.077

Table A.4:  Table summarising deviations of the individual participant results from
the derived KCRYV values at a frequency of 10 MHz. Values for the
relative expanded uncertainty (k=2) in the deviations are also given..

Participant Relative deviation from Uncertainty in relative
laboratory KCRV deviation from KCRV
(dir) (UdiR)
TNO 0.059 0.058
NPL -0.008 0.014
PTB 0.015 0.081
NIM -0.024 0.066
FORCE 0.045 0.087




Table A.5:  Table summarising deviations of the individual participant results from
the derived KCRYV values at a frequency of 15 MHz. Values for the
relative expanded uncertainty (k=2) in the deviations are also given.

Participant Relative deviation from Uncertainty in relative
laboratory KCRV deviation from KCRV
dir) (Uldir)
TNO -0.026 0.052
NPL 0.003 0.018
PTB 0.036 0.088
NIM 0.004 0.069
FORCE 0.008 0.095
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APPENDIX B: DEGREES OF EQUIVALENCE BETWEEN PARTICIPANT
LABORATORIES

The relative deviation of two participant laboratories, i and j, is defined by the expression:-

X; —xj

ij,R
Xkcry

where x; and x; are the respective values of the measurand provided by the two laboratories,
and xkcry 1 the relevant KCRV.

The relative expanded uncertainty in the deviation, Ujjr , is evaluated using the expression:-

k (ui2 + ujz )O'5

iR
X kcry

where u; and u; are the respective standard uncertainty values of the two key comparison
results. k£ is the coverage factor, which is equal to 2. Degrees of equivalence between
laboratories and the corresponding uncertainties, expressed in a relative sense, are presented
in Tables B.1 to B.5.

It should be noted that in Tables B.1 to B.5, correlations between the FORCE results and
those of PTB and NPL, have not been taken into account.
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Table B.1:  The degrees of equivalence between two participants within this key
comparison, determined at a frequency of 1 MHz. The relative expanded
uncertainty in the difference between any two laboratories has been calculated
using a coverage factor of 2.

TNO NPL PTB NIM FORCE
dir | Uir dijr Uir dijr Uir dijr Uir dijr Uir
TNO -0.015 | 0.067 | -0.019 | 0.103 | -0.008 | 0.094 | -0.069 | 0.11
NPL 0.015 | 0.067 -0.004 | 0.09 | 0.008 0.079 | -0.054 | 0.093
PTB 0.019 | 0.103 | 0.004 0.09 0.011 0.11 -0.050 | 0.12
NIM | 0.008 | 0.094 | -0.008 | 0.079 | -0.011 | 0.11 -0.062 | 0.11
FORCE | 0.069 | 0.11 | 0.054 | 0.093 | 0.050 | 0.12 | 0.062 0.11
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Table B.2:  The degrees of equivalence between two participants within this key
comparison, determined at a frequency of 2 MHz. The relative expanded
uncertainty in the difference between any two laboratories has been calculated
using a coverage factor of 2.

TNO NPL PTB NIM FORCE
dijr Uir | dijr Uir | dijr Uir | dijr Uir | dijr Uiir
TNO 0.034 | 0.065 | 0.013 0.104 | -0.005 0.096 | -0.003 | 0.102
NPL -0.034 | 0.065 -0.021 | 0.089 | -0.040 0.079 | -0.038 | 0.086
PTB -0.013 1 0.104 | 0.021 0.089 -0.018 0.11 |-0.016 |O0.12
NIM 0.005 | 0.096 | 0.040 0.079 | 0.018 0.11 0.002 0.11
FORCE | 0.003 | 0.102 | 0.038 | 0.086 | 0.016 0.12 | -0.002 0.11
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Table B.3: The degrees of equivalence between two participants within this key comparison,
determined at a frequency of 5 MHz. The relative expanded uncertainty in the
difference between any two laboratories has been calculated using a coverage

factor of 2.
TNO NPL PTB NIM FORCE

dijr Uir | dijr Uir | dijr Uir | dijr Uir | dijr Uiir
TNO -0.009 | 0.065 | -0.013 | 0.102 | -0.021 0.095 | -0.045 | 0.10
NPL 0.009 | 0.065 -0.004 | 0.086 | -0.012 | 0.078 | -0.036 | 0.086
PTB 0.013 | 0.102 | 0.004 0.086 -0.008 | 0.11 -0.032 | 0.12
NIM 0.021 | 0.095 | 0.012 0.078 | 0.008 0.11 -0.024 | 0.11

FORCE | 0.045 | 0.10 | 0.036 0.086 | 0.032 0.12 | 0.024 0.11
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Table B.4: The degrees of equivalence between two participants within this key
comparison, determined at a frequency of 10 MHz. The relative expanded
uncertainty in the difference between any two laboratories has been calculated
using a coverage factor of 2.

TNO NPL PTB NIM FORCE
dijr Uir | dijr Uir dijr Uir | dijr Uir | dijr Uiir
TNO 0.068 | 0.068 0.044 0.106 | 0.083 | 0.094 | 0.014 0.11
NPL -0.068 | 0.068 -0.023 | 0.089 | 0.015 | 0.075 | -0.054 | 0.095
PTB -0.044 | 0.106 | 0.023 0.089 0.039 | 0.11 -0.03 0.125
NIM -0.083 | 0.094 | -0.015 | 0.075 | -0.039 | 0.11 -0.069 | 0.12
FORCE | -0.014 | 0.11 | 0.054 0.095 | 0.03 0.125 | 0.069 | 0.12
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Table B.5: The degrees of equivalence between two participants within this key comparison,
determined at a frequency of 15 MHz. The relative expanded uncertainty in the
difference between any two laboratories has been calculated using a coverage

factor of 2.
TNO NPL PTB NIM FORCE

dir | Ujr | dijr Uir | dijr Uir | dijr Uir | dijr Uiir
TNO -0.028 | 0.066 | -0.062 | 0.11 | -0.030 | 0.095 | -0.034 | 0.12
NPL | 0.028 | 0.066 -0.034 | 0.099 | -0.001 | 0.081 | -0.006 | 0.10
PTB | 0.062 | 0.11 | 0.034 | 0.099 0.032 | 0.12 | 0.028 | 0.14
NIM | 0.030 | 0.095 | 0.001 | 0.081 | -0.032 | 0.12 -0.005 | 0.12

FORCE | 0.034 | 0.12 | 0.006 | 0.10 | -0.028 | 0.14 | 0.005 | 0.12
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APPENDIX C: REPORT SUBMITTED BY NATIONAL INSTITUTE OF
METROLOGY, CHINA

34



NPL Report DQL-AC RES 013

Final Calibration Report
Of the CIPM/BIPM Key Comparison CCAUV-U-K2

(Comparison of 1 mm hydrophone calibrations in the frequency range 1 to 15 MHz)

National Institute of Metrology
No. 18 Bei San Huan Dong Lu
Beijing 100013
China

2000. 10.12
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1 INTRODUCTION

According to the Chinese National Standard GB/T15611-1995 <Acoustics-
Calibration of high frequency hydrophone > which is equivalent to the IEC
Publication 866(1987) <Characteristics and Calibration of Hydrophones for
Operation in the Frequency Range 0.5 to 15 MHz>  We completed the
measurements of 2 PVDF membrane hydrophones in this August and returned
these 2 hydrophones to NPL on August 15. 2000.

2 CALIBRATION METHOD
2.1 Two-transducer method

The calibration procedure is based on the two-transducer method . The block
diagram of the electrical circuit for this method is shown as Fig. 1:

Fig.1 Block diagram of the electrical circuit for the two-transducer reciprocity
calibration method.
1.tone-burst generator 2. Frequency counter 3. Matching network
4. current transformer 5. Preamplifier 6. Filter 7. Digital oscilloscope
8. auxiliary transducer 9. Hydrophone 10. reflector

Fig. 1 illustrates the experimental arrangement and shows the associated electrical
circuit. The auxiliary transducer 8 radiates repetitive tone bursts by tone burst
generator 1 into the water tank where they are reflected by a thick stainless steel
reflector 10. For the self-reciprocity calibration of the auxiliary transducer, the
transducer is adjusted to the axis of the emitted ultrasonic beams perpendicular to
the reflecting surface. The apparent transmitting current response S* is determined
by measuring the transmitting current I1 and the receiving signal U1.

S*=P,/L=(U;/1I;: Ip)* ., Ip=2A/pc

Where:
P: is acoustic pressure in the plane wave emitted by transducer;
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Jp 1is the reciprocity coefficient for plane wave;

A is the effect area of the surface of transducer 8;

p is the density of the propagation medium (water)
¢ is the speed of sound in the water.

For the second stage, the calibration of the hydrophone, the reflector is removed
and the hydrophone is aligned at the axis of the same emitted ultrasonic beam
and the distance is di1 = d. The apparent free field receiving sensitivity M* of the
hydrophone is:

M« =U / Pi=U/I;- 1/S%

For the third stage, the calibration of the hydrophone, the free-field open circuit
voltage sensitivity M of the hydrophone can be calculated:

M = M* k
Where k is the correction factor which is related to the tone burst non-plane wave
condition, acoustic absorption in water and tone burst generator output impedance,
etc.

’d

K=(ka)" Gy e

(IEC 866-1987, Sub-clause 7.5 )

2.2 The water tank

The water tank is made of glass. The size is 800 mm (length)x500 mm/(depth) x500
mm(width). The aluminium shelf of the water tank is connected electrically to the
measuring electronic equipment. The water tank is filled with the cooling water of
boiled water (degas water). The conductivity of the water is about 150ps (we do not
use the de-ion water). The oxygen content of the water is about 1 mg/L.

2.3 The auxiliary transducer

The active elements of 5 auxiliary transducers (made by out Lab.) are PZT-4.
The diameters of these elements and the measuring distances are in the table 1.

Table 1: Diameter of active element and measuring distance

£ (MHz) diameter (mm) Measuring distance (mm)
( ditd =2d )
1.0 20 133. 34
2.0 20 266. 66
5.0 5.0 62. 49
10.0 3.8 72.20
15.0 6.0 188. 00
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The diameter of the stainless steel reflector is 120 mm and its thickness is 23 mm.

2.5 The open circuit voltage correction

In out calibration, the NPL preamplifier war not used. According to the impedance
R+jX of hydrophones and the input impedance [IRp+jXLlJof the oscilloscope, the
open circuit voltage correction is obtained:

Table 2. Open circuit voltage correction C

C

_|R+R) +(X+ X))

1

i

R} +X;

f (MHz) 1P027 IP039
1.0 1.256 1.286
2.0 1.271 1.300
5.0 1.288 1.314
10.0 1.291 1.316
15.0 1.283 1.307
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3 IP027 calibration report sheet
3.1 1 MHz

Version 1.0
CIPM/BIPM Protocol Document CCAUV-U-K2

Table 3: Calibration report Sheet

Institution: Calibration method:
NIM IEC 866

Date(s) of calibrations: Hydrophone serial number:
15.07.2000 1P027
16.07.2000

Nominal frequency (MHz):

1
Measurement
Number 1 2 3 4
Actual frequency
(MHz) 1.00 1.00 1.00 1.00
Temperature, T
(C) 28.0 28.0 28.0 28.0
Open-circuit correction 1.256 1.256 1.256 1.256
Water conductivity (1 S) 150 150 150 150
Oxygen content (mg 1)
1.0 1.0 1.0 1.0
Amplifier gain (dB) / / / /
Measured sensitivity (nV/Pa) 114 117 126 120
Open-circuit sensitivity at T
C 143 147 158 151
(nV/Pa)
Notes (e.g. of any unusual
difficulties)

40




NPL Report DQL-AC RES 013

3.2 2 MHz

Version 1.0
CIPM/BIPM Protocol Document CCAUV-U-K2

Table 3: Calibration report Sheet

Institution: Calibration method:
NIM |IEC 866

Date(s) of calibrations: Hydrophone serial number:
15.07.2000 IP027
16.07.2000

Nominal frequency (MHz):

2
Measurement
Number 1 2 3 4
Actual frequency
(MHz) 2.00 2.00 2.00 2.00
Temperature, T
(C) 28.0 28.0 28.0 28.0
Open-circuit correction 1.271 1.271 1.271 1.271
Water conductivity (1 S) 150 150 150 150
Oxygen content (mg 1)
1.0 1.0 1.0 1.0
Amplifier gain (dB) / / / /
Measured sensitivity (nV/Pa) 129 122 130 132
Open-circuit sensitivity at T
C 164 155 165 168
(nV/Pa)
Notes (e.g. of any unusual
difficulties)
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3.3 5MHz

Version 1.0

CIPM/BIPM Protocol Document CCAUV-U-K2

Table 3: Calibration report Sheet

Institution:

NIM

Calibration method:

|IEC 866

Date(s) of calibrations:

Hydrophone serial number:

15.07.2000 1P027
16.07.2000
Nominal frequency (MHz):
5
Measurement
Number 1 2 3 4
Actual frequency
(MHz) 5.00 5.00 5.00 5.00
Temperature, T
(C) 28.0 28.0 28.0 28.0
Open-circuit correction 1.288 1.288 1.288 1.288
Water conductivity (1 S) 150 150 150 150
Oxygen content (mg 1)
1.0 1.0 1.0 1.0
Amplifier gain (dB) / / / /
Measured sensitivity (nV/Pa) 127 124 124 122
Open-circuit sensitivity at T
C 164 160 160 157
(nV/Pa)
Notes (e.g. of any unusual
difficulties)
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34 10 MHz

Version 1.0
CIPM/BIPM Protocol Document CCAUV-U-K2

Table 3: Calibration report Sheet

Institution: Calibration method:
NIM |IEC 866

Date(s) of calibrations: Hydrophone serial number:
15.07.2000 IP027
16.07.2000

Nominal frequency (MHz):

10
Measurement
Number 1 2 3 4
Actual frequency
(MHz) 10.00 10.00 10.00 10.00
Temperature, T
(C) 28.0 28.0 28.0 28.0
Open-circuit correction 1.291 1.291 1.291 1.291
Water conductivity (1 S) 150 150 150 150
Oxygen content (mg 1)
1.0 1.0 1.0 1.0
Amplifier gain (dB) / / / /
Measured sensitivity (nV/Pa) 130 107 116 133
Open-circuit sensitivity at T
C 168 138 150 172
(nV/Pa)
Notes (e.g. of any unusual
difficulties)
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3.5 15 MHz

Version 1.0

CIPM/BIPM Protocol Document CCAUV-U-K2

Table 3: Calibration report Sheet

Institution:

NIM

Calibration method:

|IEC 866

Date(s) of calibrations:

Hydrophone serial number:

04.08.2000 1P027
Nominal frequency (MHz):
15
Measurement
Number 1 2 3 4
Actual frequency
(MHz) 15.00 15.00 15.00 15.00
Temperature, T
(C) 28.0 28.0 28.0 28.0
Open-circuit correction 1.283 1.283 1.283 1.283
Water conductivity (1 S) 150 150 150 150
Oxygen content (mg 1)
1.0 1.0 1.0 1.0
Amplifier gain (dB) / / / /
Measured sensitivity (nV/Pa) 111 100 102 120
Open-circuit sensitivity at T
C 142 128 131 154
(nV/Pa)
Notes (e.g. of any unusual
difficulties)
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4 IP039 calibration report sheet
41 1 MHz

Version 1.0
CIPM/BIPM Protocol Document CCAUV-U-K2

Table 3: Calibration report Sheet

Institution: Calibration method:
NIM IEC 866

Date(s) of calibrations: Hydrophone serial number:
11.07.2000 IP039
12.07.2000

Nominal frequency (MHz):

1
Measurement
Number 1 2 3 4
Actual frequency
(MHz) 1.00 1.00 1.00 1.00
Temperature, T
(C) 28.0 28.0 28.0 28.0
Open-circuit correction 1.286 1.286 1.286 1.286
Water conductivity (1 S) 150 150 150 150
Oxygen content (mg 1)
1.0 1.0 1.0 1.0
Amplifier gain (dB) / / / /
Measured sensitivity (nV/Pa) 133 144 132 131
Open-circuit sensitivity at T
C 171 185 170 168
(nV/Pa)
Notes (e.g. of any unusual
difficulties)
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42 2 MHz

Version 1.0

CIPM/BIPM Protocol Document CCAUV-U-K2

Table 3: Calibration report Sheet

Institution:

NIM

Calibration method:

|IEC 866

Date(s) of calibrations:

Hydrophone serial number:

11.07.2000 IP039
12.07.2000
Nominal frequency (MHz):
2
Measurement
Number 1 2 3 4
Actual frequency
(MHz) 2.00 2.00 2.00 2.00
Temperature, T
(C) 28.0 28.0 28.0 28.0
Open-circuit correction 1.300 1.300 1.300 1.300
Water conductivity (1 S) 150 150 150 150
Oxygen content (mg 1)
1.0 1.0 1.0 1.0
Amplifier gain (dB) / / / /
Measured sensitivity (nV/Pa) 142 143 140 130
Open-circuit sensitivity at T
C 185 186 182 169
(nV/Pa)
Notes (e.g. of any unusual
difficulties)
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43 5MHz

Version 1.0
CIPM/BIPM Protocol Document CCAUV-U-K2

Table 3: Calibration report Sheet

Institution: Calibration method:
NIM |IEC 866

Date(s) of calibrations: Hydrophone serial number:
11.07.2000 IP039
12.07.2000

Nominal frequency (MHz):

5
Measurement
Number 1 2 3 4
Actual frequency
(MHz) 5.00 5.00 5.00 5.00
Temperature, T
(C) 28.0 28.0 28.0 28.0
Open-circuit correction 1.314 1.314 1.314 1.314
Water conductivity (1 S) 150 150 150 150
Oxygen content (mg 1)
1.0 1.0 1.0 1.0
Amplifier gain (dB) / / / /
Measured sensitivity (nV/Pa) 139 139 131 133
Open-circuit sensitivity at T
C 183 183 172 175
(nV/Pa)
Notes (e.g. of any unusual
difficulties)
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4.4 10 MHz

Version 1.0

CIPM/BIPM Protocol Document CCAUV-U-K2

Table 3: Calibration report Sheet

Institution:

NIM

Calibration method:

|IEC 866

Date(s) of calibrations:

Hydrophone serial number:

11.07.2000 IP039
12.07.2000
Nominal frequency (MHz):
10
Measurement
Number 1 2 3 4
Actual frequency
(MHz) 10.00 10.00 10.00 10.00
Temperature, T
(C) 28.0 28.0 28.0 28.0
Open-circuit correction 1.316 1.316 1.316 1.316
Water conductivity (1 S) 150 150 150 150
Oxygen content (mg 1)
1.0 1.0 1.0 1.0
Amplifier gain (dB) / / / /
Measured sensitivity (nV/Pa) 126 137 144 134
Open-circuit sensitivity at T
C 166 180 190 176
(nV/Pa)
Notes (e.g. of any unusual
difficulties)
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4.5 15 MHz

Version 1.0
CIPM/BIPM Protocol Document CCAUV-U-K2

Table 3: Calibration report Sheet

Institution: Calibration method:
NIM |IEC 866

Date(s) of calibrations: Hydrophone serial number:
04.08.2000 IP039

Nominal frequency (MHz):

15
Measurement
Number 1 2 3 4
Actual frequency
(MHz) 15.00 15.00 15.00 15.00
Temperature, T
(C) 28.0 28.0 28.0 28.0
Open-circuit correction 1.307 1.307 1.307 1.307
Water conductivity (1 S) 150 150 150 150
Oxygen content (mg 1)
1.0 1.0 1.0 1.0
Amplifier gain (dB) / / / /
Measured sensitivity (nV/Pa) 139 128 129 119
Open-circuit sensitivity at T
C 182 167 169 156
(nV/Pa)
Notes (e.g. of any unusual
difficulties)
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5 Summary sheet

5.1 IP027 hydrophone

Version 1.0

CIPM/BIPM Protocol Document CCAUV-U-K2

Table 4: Summary Sheet.

Institution:

NIM

Method:

|IEC 866

15.07.2000
Dates: 16.07.2000
04.08.2000

Hydrophone Serial Number: 1P027

Nominal

frequency
(MHz)

Actual frequency
(MHz)

1.00

2.00

5.00 10.00 15.00

Mean open-circuit
sensitivity at T °C
(nV/Pa) (28 °C)

150

163

160 158 139

Type A standard
Uncertainty (%)

1.7

1.5

0.7 5 3.5

Type B standard
Uncertainty (%)

3.4

34

3.4 3.4 3.4

Expanded
uncertainty
(%) (k=2)

7.6

74

7.0 12.0 9.8
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5.1 IP039 hydrophone
Version 1.0
CIPM/BIPM Protocol Document CCAUV-U-K2

Table 4: Summary Sheet.

Institution: Method:
NIM |IEC 866
11.07.2000
Dates: 12.07.2000 Hydrophone Serial Number:  I1P039
04.08.2000
Nominal
frequency 1 2 5 10 15
(MHz)
Actual frequency
(MHz) 1.00 2.00 5.00 10.00 15.00

Mean open-circuit
sensitivity at T °C 174 181 179 178 169
(nV/Pa) (28 °C)

Type A standard
Uncertainty (%) 2.0 1.6 1.2 3.9 3.2

Type B standard
Uncertainty (%) 3.4 3.4 3.4 3.4 3.4

Expanded

uncertainty 7.9 7.5 7.2 10.3 9.3
(%) (k=2)
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6. Treatments of uncertainties
6.1 Type A standard uncertainty

Type A standard uncertainty is evaluated by the statistical method. Because
measurements are in the same accurate and independent measuring condition,
Type A standard uncertainty is evaluated by experimental standard deviation s.

qus/\/;

Where: n is number of measurements. The experimental standard deviation is
evaluated by the Bessel method, i.e.

Where: A is mean of the sensitivity. The type A standard uncertainty is shown in
the summary sheet in the frequency range 1 to 15 MHz. In general speaking, the type
A standard uncertainty of our calibration is less than 5.0%.

6.2 Type B standard uncertainty

Type B standard uncertainty is evaluated by the measuring equipment and the
measuring method. In our calibration, the accuracy of the digital oscilloscope and
the current transformer is 1.0 % (rectangular distribution):

O

S*:(ﬂ.L)W
1, J,
2 2 2l
AS* 1|(AU, Al A,
=— + +
S* 2|\ U, I, Jp
A
i=1.0%,—1=1.0%
Ul 1
2 ) 5 1/2
JP:E,AJP — [ﬂj + A_p +[£j
pc J, A Yo, c
AJ
A 09,22 Z0.5% 8¢ Z 150,200 _ 5 504
A yo, c Jp
k
AS =1.4%
S*
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M=

*

) P ) 1/2
AM * (AU [AL J{AS*)
M* U I S*

%k %
AU 100 B0 |21 g0 25 =1.4%,AM =2.0%
U I, S* M*

vl
]l

—

M=M*K

H%*H%JT

K = K1/2 G 7/ a'd

ul

2 2 2 2 2 1/2
AK | 1 Ak, AG. ) 1Ay (Aa'j (Adj
—=| | + +—| = +|—| +|—
K |2\ k, G, 2\ y a' d
) 2 1/2
Ak _ [ AL + Al =1.4%
kul ]1 [k
AG, Ad' Ad AK

=2.0%,— A7 _ =1.0%,—=1.0%,— 7 = 1.0%,? =2.7%
y a'

Then the type B standard uncertainty is:

% = J(2.0%)* +(2.7%)* =3.4%

Now we can get the combined standard uncertainty is:

u,= \/qu +u§ = \/(5.0%)2 +(3.4%)* =6.0%

And the expanded standard uncertainty u =2u.=12.0 % (k=2)
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7. Discussion
(1) During the measurements, the acoustic pressure is about:

F(MHz) P
1.0 (1~3)e 104 Pa
2.0 (1~3)e 104 Pa
5.0 (1~3)e 104 Pa
10.0 (3 +103~2 +104Pa
15.0 About 2 +10° Pa

(2) According to the specifications of the digital oscilloscope and current
transformer provided by manufacturer, we evaluated the type B standard
uncertainty.

(3) Using the IEC866 calibration method, It is little difficult to calculate the
accuracy of correction factor k.

(4) Doing the International Comparison of the hydrophone calibration, It is very
worth and beneficial to us.
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APPENDIX D SUPPLEMENTARY REPORT SUBMITTED BY NATIONAL
INSTITUTE OF METROLOGY, CHINA
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1 INTRODUCTION

According to the summary of the revised Report (August 2002) of BIPM/CIPM Key Comparison
CCAUV-U-K2: ” at 10 MHz and 15 MHz the results of NIM were considered to be discrepant and it
is suggested that origin of the discrepant results be investigated through a bilateral arrangement
between NIM and NPL”.

In May of this year (2003), NIM received the I mm membrane hydrophone (IP027) from NPL. NIM has
got the help from NPL and TNO. NIM carried out the re-calibration and finished the re-calibration work in
this August. In this report, the origin of the discrepant results and the new results of this re-
calibration are presented.

2 ORIGIN OF DISCREPANT RESULTS AND RE-CALIBRATION

2.1 Calibration method

Originally we used the IEC 60866 method to calibrate the 1 mm membrane hydrophone. This method
needs a correction factor of ultrasonic attenuation in water. For this re-calibration, we use the
calibration method as used by Dr. R.T.Hekkenberg of TNO PG. In this way the hydrophone receives
the sound pressure directly from the source transducer, instead of after reflection by the stainless steel
reflector as given in the IEC 60866. Furthermore if the distance between the source transducer and the
hydrophone is made just equal to the distance between source transducer and reflector, not only for the
attenuation of ultrasound in water is cancelled out, and the correction for this is not needed, but also for the
receiving voltage of the hydrophone is higher.

2.2 Current transformer

Originally we used the Current Monitor for measuring the transmitting current. The Current Monitor is
made in USA, PEARSON ELECTRONICS, INC. Its type is 411.Its output is

0.1 Volt /amp. We did not check its accuracy and frequency response. For this re-calibration, we

use the Current Probe, Type TCP202, made in Tektronix . We compared the Current Monitor 411 with
Current Probe TCP 202 to measure same current We found the frequency response of Current Monitor
PEARSON 411 is not so good and higher 3 dB than the frequency response of TEK Current Probe TCP
202 on the frequency 15 MHz. Therefore we use the Current Probe TCP 202 for measuring the
transducer transmitting current in this re-calibration. We consider the current transformer used in
the first calibration is the main origin of the discrepant results.

2.3 Correction factor G1 and G2

Originally we got the correction factor G, from the Fig. 5 in the IEC 60866. I feel it is very difficult to get
the accurate value of this correction factor. For this re-calibration, I have got the great help from Dr.
R.T.Hekkenberg (TNO). He gave me a file and told me how to calculate the correction factor G1 and
G2. I think Gce got from the Fig.5 in the IEC 60866 is the second main origin of the discrepant
results.

2.4 Tone-burst generator

Originally we used the old type function generator (H.P.) as the Tone-Burst Generator. For this re-
calibration, we use the Agilent 33250A function generator as the Tone-Burst Generator. The
frequency and amplitude of Agilent 33250A are more stable and more accurate.

2.5 Auxiliary transducer

In this re-calibration, we use the new 5 Auxiliary transducers made by us. We have got the higher
ratio of signal to noise. The hydrophone receiving voltage is more than 15 mV.

3 RESULTS

The new results of re-calibration on the frequency 1,2,5,10,15 MHz and the uncertainties are listed in the
Table 1 to Table 6.
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Tablel. Calibration results of hydrophone IP027

Institution Method:
NIM Reciprocity method

Dates: 22 July —1 August Hydrophone Serial Number: 1P027
2003

Nominal frequency
(MHz) 1 2 5 10 15

Actual frequency (MHz)
1.000 | 2.000 | 5.000 | 10.000 | 15.000

Mean open-circuit

sensitivity at T [J 156.3 | 1643 | 172.9 | 191.5 | 2439
(nV/Pa) 25.07]

Type A standard

Uncertainty (%) 0.86 | 0.74 | 0.80 | 0.51 1.08
Type B standard 3.00 | 3.00 | 3.00 3.00 3.00

uncertainty (%)

Expanded uncertainty 6.2 6.2 6.2 6.1 6.4
(%) U(k=2)
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Table2. Calibration results at 1 MHz

Institution Calibration method:

NIM Reciprocity method
Dates(s) of calibrations: Hydrophone Serial Number:

22 July —1 August 1P027

2003

Nominal frequency (MHz):
1
Measurement
number 1 2 3 4 5 6

Actual frequency (MHz)

1.000 1.000 1.000 1.000 1.000 1.000

Temperature, T

0 25.0 25.0 25.0 25.0 25.0 25.0
Open-circuit correction 1.133 1.133 1.133 1.133 1.133 1.133
Water conductivity(uS) 150 150 150 150 150 150
Oxygen content (ng 1'1),

or alternative <10 <10 <10 <10 <10 <10 ppm
(ppm of % saturation) ppm ppm ppm ppm ppm
Amplifier gain (dB)
Measured sensitivity
(nV/Pa) 133.5 138.0 | 136.7 140.4 141.7 137.2
Open-circuit sensitivity at
T 0 (nV/Pa) 151.2 156.4 154.9 159.1 160.5 155.4
Notes (e.g. of any unusual

Difficulties)
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Table 3. Calibration results at 2 MHz

Institution
NIM

Calibration method:
Reciprocity method

Dates(s) of calibrations:

Hydrophone Serial Number:

22 July —1 August 1P027
2003
Nominal frequency (MHz):
2
Measurement
number 1 2 3 4 5 6
Actual frequency (MHz)
2.000 2.000 2.000 2.000 2.000 2.000
Temperature, T
0 25.0 25.0 25.0 25.0 25.0 25.0
Open-circuit correction 1.140 1.140 1.140 1.140 1.140 1.140
Water conductivity(uS) 150 150 150 150 150 150
Oxygen content (ng 1'1),
or alternative <10 <10 <10 <10 <10 <10 ppm
(ppm of % saturation) ppm ppm ppm ppm ppm
Amplifier gain (dB)
Measured sensitivity
(nV/Pa) 146.0 140.5 | 1434 142.2 147.8 144.6
Open-circuit sensitivity at
T 0 (nV/Pa) 166.4 160.2 163.5 162.1 168.5 164.9
Notes (e.g. of any unusual
Difficulties)
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Table4. Calibration results at 5 MHz

Institution Calibration method:

NIM Reciprocity method
Dates(s) of calibrations: Hydrophone Serial Number:

22 July —1 August 1P027

2003

Nominal frequency (MHz):
5
Measurement
number 1 2 3 4 5 6

Actual frequency (MHz)

5.000 5.000 5.000 5.000 5.000 5.000

Temperature, T

0 25.0 25.0 25.0 25.0 25.0 25.0
Open-circuit correction 1.150 1.150 1.150 1.150 1.150 1.150
Water conductivity(uS) 150 150 150 150 150 150
Oxygen content (ng 1'1),

or alternative <10 <10 <10 <10 <10 <10 ppm
(ppm of % saturation) ppm ppm ppm ppm ppm
Amplifier gain (dB)
Measured sensitivity
(nV/Pa) 149.9 147.4 | 152.4 155.7 148.5 149.3
Open-circuit sensitivity at
T 0 (nV/Pa) 172.4 169.5 174.1 179.1 170.8 171.7
Notes (e.g. of any unusual

Difficulties)
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Table 5. Calibration results at 10 MHz

Calibration method:

Institution

NIM Reciprocity method
Dates(s) of calibrations: Hydrophone Serial Number:

22 July —1 August 1P027

2003

Nominal frequency (MHz):
10
Measurement
number 1 2 3 4 5 6

Actual frequency (MHz)
10.000 10.000

10.000 | 10.000 | 10.000 | 10.000

Temperature, T
0 25.0 25.0 25.0 25.0 25.0 25.0
Open-circuit correction 1.151 1.151 1.151 1.151 1.151 1.151
Water conductivity(uS) 150 150 150 150 150 150
Oxygen content (ng 1'1),
or alternative <10 <10 <10 <10 <10 <10 ppm
(ppm of % saturation) ppm ppm ppm ppm ppm
Amplifier gain (dB)
Measured sensitivity
(nV/Pa) 146.0 140.5 | 1434 142.2 147.8 144.6
Open-circuit sensitivity at
T 0 (nV/Pa) 193.9 193.2 190.9 190.9 186.6 187.9
Notes (e.g. of any unusual
Difficulties)
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Table 6. Calibration results at 15 MHz

Institution

Calibration method:

NIM Reciprocity method

Dates(s) of calibrations: Hydrophone Serial Number:
22 July —1 August

1P027
2003
Nominal frequency (MHz):

15
Measurement
number 1 2 3 4 5 6
Actual frequency (MHz)
15.000 | 15.000 | 15.000 | 15.000 | 15.000 15.000
Temperature, T
0 25.0 25.0 25.0 25.0 25.0 25.0
Open-circuit correction 1.147 1.147 1.147 1.147 1.147 1.147
Water conducticity(uS) 150 150 150 150 150 150
Oxygen content (ng 1'1),
or alternative <10 <10 <10 <10 <10 <10 ppm
(ppm of % saturation) ppm ppm ppm ppm ppm
Amplifier gain (dB)
Measured sensitivity
(nV/Pa) 205.6 2139 [2214 212.7 209.4 217.8
Open-circuit sensitivity at
T 0 (nV/Pa) 235.8 245.4 253.9 244.0 240.2 249.8
Notes (e.g. of any unusual
Difficulties)
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4 UNCERTAINTY

4.1 Type A standard uncertainty

Type A standard uncertainty is evaluated by the statistic method. Because measurements are in the same
accurate and independent measuring condition, Type A standard uncertainty u, is evaluated by
experimental standard deviation s

Where
AM =M, —M , M is the mean value of the sensitivities

n is the number of measurements, n=6
Type A standard uncertainty are shown in the results for frequency 1,2,5,10 and 15 MHz in the Table 1

4.2 Estimation of type B standard uncertainty

The total Type B standard uncertainty of M is estimated by considering the systematic uncertainty
contributions of each component in the expression of open-circuit hydrophone M :

e 2 1
M = ——ec . 4. , . ]G — K
/VIIK a ,OC '\/}/_ 1 (;2 c

Factor A B C D E F G

-Factor A: e,., Vi, and Ik all electrical quantities are measured by TEK TDS 3012 oscilloscope . Current
probe TCP 202 is in connection with the CH.2 of TEK TDS 3012. The accuracy of current
probe is 3% .

-Factor B: The certainty of radius a is estimated to be 2 %.

-Factor C: [c of water is calculated. Its uncertainty is small and estimated to be 0.2%.

-Factor D: The value of the reflection coefficient of stainless steel is stated in IEC 60866. The uncertainty
of (1" is small and is estimated to be 0.2%.

-Factor E: Diffraction loss of the source transducer. By varying the distance used in the calculation of G1
and the uncertainty of factor E is estimated to be 2.5% (TNO R.T.Hekkenberg).

-Factor F: Averaging effect of the hydrophone: The uncertainty of G2 is estimated to be 4% (TNO
R.T.Hekkenberg).

-Factor G: Open-circuit correction factor. The open-circuit correction factors k. are calculated and its
uncertainty is estimated to be 1%.

Above systematic uncertainty contributions of each component and total Type B standard uncertainty ug

are listed in Table 7.
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Table7. List of Type B standard uncertainties

Source of measurement uncertainty Distr. | Coverage | Value | Relative standard
factor % uncertainty
K %
-Factor A: FElectrical quantities. rect. 1.73 3.24 1.87
-Factor B: Effective radius of the rect. 1.73 2.0 1.16
source transducer.
-Factor C: Due to []c. rect. 1.73 0.2 0.12
-Factor D: Reflection coefficient. rect. 1.73 0.2 0.12
-Factor E: Diffraction loss of the rect. 1.73 2.5 1.45
source transducer.

-Factor F: Averaging effect of the hydrophone. | rect. 1.73 4.0 2.31
-Factor G: Open-circuit correction factor rect. 1.73 1.0 0.58
Total Type B standard uncertainty Ug 3%

4.3 Expanded uncertainty

The combined standard uncertainty u, is calculated by combining the Type A uncertainty (uy) and Type B
uncertainty (ug) . The standard uncertainty is

u, = \/uj + ué
Using a coverage factor k=2, the expanded uncertainty is calculated U=2u, and is listed in Table 1.
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APPENDIX E REPORT SUBMITTED BY FORCE INSTITUTE, DENMARK
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Comments on the calibration procedure used by FORCE Institute for the CIPM key
comparison.

The water used for the calibration was not changed during the measurement period. The
water was taken from the de-ionising apparatus. The initial conductivity was approximately 1
uS/cm. During the measurements, the conductivity increased to a level of 11 uS/cm. The
used filter probably causes the relatively high value. The calibration measurements were
carried out without recording the conductivity each day. The water was not degassed prior to
the measurements. The Oxygen content was 9 ppm at the end of the measuring period. The
temperature of the water was controlled with an electronic thermostat. The temperature was
20.0 °C £ 0.1 °C with uncertainty below 0.5 °C.

The hydrophones were soaked in water at the beginning of each working day. The
hydrophones soaked at least 1 hour before the measurements started. The amplifier 56055
was used for all the measurements. The gain was determined by measuring the output from a
50-Ohm generator and the output from the amplifier when fed with the same generator. The
gain was calculated as the quotient of these two figures. The estimated uncertainty is A:
0.8%, B: 2.2% and expanded 2.4%. The measurements were done in a tank with glass walls
measuring 0.4%0.4*0.7 m’. The positioning of the transducers is done with stepper motors.
The motors are mounted on metallic parts, and one of the axes is immersed in the water. This
metallic part is grounded. No difference could be observed with the earthing pin on the
hydrophones grounded. No correction for spatial averaging was used. The acoustic pressure
was approximately:

Frequency, MHz | 1 2 5 10 15
Pressure, Pa 0.6k 2.2k 3.2k 3.6k 2.7k

The measuring distance was 84 mm for all the measurements.

The calibrations are done by measuring the pressure at a specific point in the field from an
acoustic source. This is done with a hydrophone with known sensitivity and with the
unknown hydrophone. The sensitivity of the unknown is calculated using these figures. More
than one reference hydrophone was used for this work. Although there are differences
between the measurements they are small compared to the overall uncertainty. However, the
calibration results given are the mean between calibrations made with the same reference
hydrophone (Mi2165) but with original data from NPL and from PTB.

The 95% confidence level systematic uncertainties used in calculation of the overall

uncertainty are listed in the table below. The major component is the uncertainty of the
reference hydrophone. The figures from NPL are used because they are largest.

68



NPL Report DQL-AC RES 013

Frequency, MHz 1 2 5 10 15
Reference 7% 7% 7% 8% 9%
uncertainty (NPL)

Reference 6% 6% 6% 7% 8%
uncertainty (PTB)

Amplifier gain 2.4% 2.4% 2.4% 2.4% 2.4%
Spectrum Analyser | 2.3% 2.3% 2.3% 23% 23%
nonlinearity

Spectrum Analyser | 1% 1% 1% 1% 1%
A/D uncertainty (2

readings)

Systematic 7.8% 7.8% 7.8% 8.7% 9.7%
uncertainty

Calibration results

13. 14. 15. 16. 20. 21. 22. November 2000

Hydrophone serial number: 1P027

Frequency MHz 1 2 5 10 15
Mean open-circuit 166 164 177 205 246
sensitivity at 20 °C

(nV/Pa)

Type A (random) 2.86% 1.80% 0.96% 1.34% 1.08%
uncertainty

Type B (systematic) | 7.8% 7.8% 7.8% 8.7% 9.7%
uncertainty

Expanded 8.3% 8.0% 7.9% 8.8% 9.9%
uncertainty

13. 14. 15. 16. 20. 21. 22. November 2000

Hydrophone serial number: IP039

Frequency MHz 1 2 5 10 15
Mean open-circuit 175 174 185 214 261
sensitivity at 20 °C

(nV/Pa)

Type A (random) 1.48% 0.83% 1.08% 0.84% 1.18%
uncertainty

Type B (systematic) | 7.8% 7.8% 7.8% 8.7% 9.7%
uncertainty

Expanded 7.9% 7.9% 7.9% 8.7% 9.8%
uncertainty
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FORCE Institute

Substitution with reference
hydrophone

13. 14. 15. 16. 20. 21. 22. November 2000

Hydrophone serial number:

1P027

Nominal Frequency 1 MHz

Measurement
Number

1

Frequency MHz

1.000

Temperature, T (°C)

20+£0.5

Open-circuit
correction

1,0526

Water conductivity

Oxygen
content

Amplifier gain (dB)

22,65

Measured sensitivity
(LV/Pa)N2165

0,170

0,170

0,172 0,171 0,172

0,170

Measured sensitivity
(uV/Pa)P2165

0,169

0,158

0,164 0,157 0,159

Open-circuit
sensitivity at T °C
(uV/Pa)

0,169

0,164

0,168 0,164 0,165

Notes
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FORCE Institute

Substitution with reference
hydrophone

13. 14. 15. 16. 20. 21. 22. November 2000

Hydrophone serial number: 1P027

Nominal Frequency 2 MHz

Measurement
Number

1

Frequency MHz

2.000

Temperature, T (°C)

20+£0.5

Open-circuit
correction

1,0573

Water conductivity

Oxygen
content

Amplifier gain (dB)

22,725

Measured sensitivity
(LV/Pa)N2165

0,166

0,166

0,163

0,164

0,162

Measured sensitivity
(uV/Pa)P2165

0,166

0,160

0,163

0,162

0,162

Open-circuit
sensitivity at T °C
(uV/Pa)

0,166

0,163

0,163

0,163

0,162

Notes

71




NPL Report DQL-AC RES 013

FORCE Institute

Substitution with reference
hydrophone

13. 14. 15. 16. 20. 21. 22. November 2000

Hydrophone serial number:

1P027

Nominal Frequency 5 MHz

Measurement
Number

1

Frequency MHz

5.000

Temperature, T (°C)

20+£0.5

Open-circuit
correction

1,0573

Water conductivity

Oxygen
content

Amplifier gain (dB)

22,6425

Measured sensitivity
(LV/Pa)N2165

0,179

0,179

0,179 0,178 0,180

0,178

Measured sensitivity
(uV/Pa)P2165

0,177

0,174

0,174 0,175 0,176

Open-circuit
sensitivity at T °C
(uV/Pa)

0,178

0,176

0,176 0,177 0,178

Notes
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FORCE Institute

Substitution with reference
hydrophone

13. 14. 15. 16. 20. 21. 22. November 2000

Hydrophone serial number:

1P027

Nominal Frequency 10 MHz

Measurement
Number

1

Frequency MHz

10.000

Temperature, T (°C)

20+£0.5

Open-circuit
correction

1,0589

Water conductivity

Oxygen
content

Amplifier gain (dB)

22,1025

Measured sensitivity
(LV/Pa)N2165

0,213

0,213

0,212 0,212 0,213

0,212

Measured sensitivity
(uV/Pa)P2165

0,201

0,195

0,199 0,198 0,199

Open-circuit
sensitivity at T °C
(uV/Pa)

0,207

0,204

0,204 0,205 0,206

Notes
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FORCE Institute

Substitution with reference
hydrophone

13. 14. 15. 16. 20. 21. 22. November 2000

Hydrophone serial number:

1P027

Nominal Frequency 15 MHz

Measurement
Number

1

Frequency MHz

15.000

Temperature, T (°C)

20+£0.5

Open-circuit
correction

Water conductivity

Oxygen
content

Amplifier gain (dB)

Measured sensitivity
(LV/Pa)N2165

0,260

0,259

0,257 0,256 0,257

0,257

Measured sensitivity
(uV/Pa)P2165

0,237

0,231

0,234 0,236 0,236

Open-circuit
sensitivity at T °C
(uV/Pa)

0,249

0,245

0,246 0,246 0,247

Notes
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FORCE Institute Substitution with reference
hydrophone

13. 14. 15. 16. 20. 21. 22. November 2000 Hydrophone serial number: IP039

Nominal Frequency 1 MHz

Measurement 1 2 3 4 5 6
Number

Frequency MHz 1.000

Temperature, T (°C) | 20£0.5

Open-circuit 1,0582

correction

Water conductivity

Oxygen
content

Amplifier gain (dB) | 22,65

Measured sensitivity | 0,184 0,184 0,180 0,173 0,183 0,183
(uV/Pa)N2165

Measured sensitivity | 0,165 0,168 0,166 0,179 0,168
(uV/Pa)P2165

Open-circuit 0,175 0,176 0,173 0,176 0,176
sensitivity at T °C
(uV/Pa)

Notes
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FORCE Institute

Substitution with reference
hydrophone

13. 14. 15. 16. 20. 21. 22. November 2000

Hydrophone serial number: IP039

Nominal Frequency 2 MHz

Measurement
Number

1

Frequency MHz

2.000

Temperature, T (°C)

20+£0.5

Open-circuit
correction

1,0633

Water conductivity

Oxygen
content

Amplifier gain (dB)

22,725

Measured sensitivity
(LV/Pa)N2165

0,176

0,178

0,175

0,174

0,174

0,174

Measured sensitivity
(uV/Pa)P2165

0,173

0,169

0,172

0,176

0,172

Open-circuit
sensitivity at T °C
(uV/Pa)

0,175

0,174

0,173

0,175

0,173

Notes
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FORCE Institute Substitution with reference

hydrophone

13. 14. 15. 16. 20. 21. 22. November 2000 Hydrophone serial number: IP039

Nominal Frequency 5 MHz

Measurement
Number

1

Frequency MHz

5.000

Temperature, T (°C)

20+£0.5

Open-circuit
correction

1,0625

Water conductivity

Oxygen
content

Amplifier gain (dB)

0,186

Measured sensitivity
(LV/Pa)N2165

0,187

0,187

0,187

0,186

0,188

0,187

Measured sensitivity
(uV/Pa)P2165

0,184

0,180

0,183

0,186

0,184

Open-circuit
sensitivity at T °C
(uV/Pa)

0,186

0,184

0,185

0,186

0,186

Notes
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FORCE Institute

Substitution with reference
hydrophone

13. 14. 15. 16. 20. 21. 22. November 2000

Hydrophone serial number:

1P039

Nominal Frequency 10 MHz

Measurement
Number

1

Frequency MHz

10.000

Temperature, T (°C)

20+£0.5

Open-circuit
correction

1,064

Water conductivity

Oxygen
content

Amplifier gain (dB)

22,1025

Measured sensitivity
(LV/Pa)N2165

0,223

0,223

0,223 0,220 0,222

0,222

Measured sensitivity
(uV/Pa)P2165

0,207

0,203

0,207 0,210 0,207

Open-circuit
sensitivity at T °C
(uV/Pa)

0,215

0,213

0,215 0,215 0,214

Notes
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FORCE Institute Substitution with reference

hydrophone

13. 14. 15. 16. 20. 21. 22. November 2000 Hydrophone serial number: IP039

Nominal Frequency 15 MHz

Measurement
Number

1

Frequency MHz

15.000

Temperature, T (°C)

20+£0.5

Open-circuit
correction

1,0639

Water conductivity

Oxygen
content

Amplifier gain (dB)

21,38

Measured sensitivity
(LV/Pa)N2165

0,274

0,272

0,272

0,274

0,274

0,272

Measured sensitivity
(uV/Pa)P2165

0,251

0,244

0,250

0,250

0,248

Open-circuit
sensitivity at T °C
(uV/Pa)

0,262

0,258

0,261

0,262

0,261

Notes
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APPENDIX F REPORT SUBMITTED BY PHYSIKALISCH-TECHNISCHE
BUNDESANSTALT, GERMANY
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Physikalisch-Technische Bundesanstalt
Braunschweig und Berlin

Report

Calibration of 1 mm Membrane Hydrophones in the Frequency Range 1 - 15 MHz

W. Molkenstruck, G. Ludwig, H.-P. Reimann, Ch. Koch, K. Beissner

Abstract: The report covers the calibration measurements carried out in the
Ultrasonics Section of the Physikalisch-Technische Bundesanstalt on the occasion of
the CIPM/BIPM key comparison CCAUV-U-K2. Two 1 mm membrane
hydrophones were calibrated by two-transducer reciprocity and interferometry; the
results and uncertainties are reported in detail.
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1. Introduction

This report summarises the calibration activities carried out in the Ultrasonics
Section of PTB on the occasion of the CIPM/BIPM key comparison CCAUV-U-K2.
Two membrane hydrophones with an active spot diameter of 1 mm had to be
primarily calibrated for comparison with five other laboratories.

Two different calibration methods were applied at PTB: two-transducer
reciprocity relates the acoustic quantities to purely electrical measurement values.
Interferometric calibration is based on an optical technique. It relates the acoustic
displacement in a sound field directly to the well-known optical wavelength of an
He-Ne laser. Both techniques ensure absolute calibration and furnish the open-loop
sensitivity. Although both techniques yielded reliable results, interferometric
calibration was considered the primary technique.

The report is organised as follows: This Introduction is followed by section 2
which covers all details of the two-transducer reciprocity, and section 3 which gives
the details of the interferometric technique. Both sections contain a description of the
method, details of the measurements carried out, and a description of uncertainties.
All data have been compiled in the appendices. Appendices A - C contain the
results, details of the transducers and the uncertainties of reciprocity calibration,
whereas Appendices D and E contain the results and uncertainties of the
interferometric part.

2. Calibration using two-transducer reciprocity
21 Calibration method

In the first experiment the hydrophone sensitivity was determined by the method
of two-transducer reciprocity. The technique is described in Ref. [Ludwig 76, 88]
enclosed to this report. Calibration was carried out as discribed in the two
references; for completeness, a brief description is given in the following.

The sound field generated by a reciprocal transducer is reflected back to the
transducer and the transmitting current and the receiving voltage are measured.
This self-reciprocity procedure allows the sound field to be characterised using the
reciprocity parameter J,=2A/pc, where A is the transducer area. Then the reflector is
turned and the sound field is directed to the hydrophone. The voltage generated is
measured and the sensitivity can be calculated (see Ref. [Ludwig 88] and Eq. (1)
below) for the actual transmitting current. Because of the self-reciprocity principle
the method relates the acoustic sound pressure to purely electrical quantities and the
calibration is a primary one.

Several corrections have to be applied to obtain the open-circuit sensitivity M (see Eq. (1)
below and Egs. (4), (5) in Ref. [Ludwig 88]). The open-circuit correction of the
transducer (correction factor ko)) was carried out by measuring the short-circuit current
at the output of the driving amplifier.

The spatial averaging correction procedure follows the papers by Fay and
Beissner [Fay 76, Beissner 81]. It is accompanied by the calculation of the diffraction
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loss of the sound field propagating from the transmitter to the receiver. The acoustic
field is modelled using the Rayleigh integral, and the numerical calculation yields
the sound pressure in the detection plane. Integration over the active area of the
detector provides the correction factor. If the detector is the reciprocal transducer
itself, the correction factor (G1) represents the diffraction losses of the propagation
path. In the case of the hydrophone the integral is taken over the hydrophone’s
active area, and the spatial averaging correction factor (Gz) is obtained by
normalising to the pressure at the transmitter. At 2-15 MHz the nominal transducer
diameters were used as input parameters in the calculation. In the low-frequency
case effective diameters were determined from the directivity response of each
transducer.

The open-circuit correction was carried out as described in [Ludwig 88] chapter II.
The hydrophone was assumed to be a purely capacitive source to the preamplifier,
and the hydrophone capacity was obtained from the impedances Zy given in tab. 2
of the protocol document. The preamplifier was described as a purely capacitive
load to the hydrophone, and its capacity was derived from an impedance
measurement. The correction factor (kuoz) is the ratio between the hydrophone
capacity and the overall capacity.

The assumption of purely capacitive impedances is an approximation. To estimate
the deviations from the fully complex calculation the correction factor was calculated
as the ratio Zr/(Zu+ZL), where Zy is the given hydrophone impedance and Z the
load impedance measured. The differences between both correction factors
amounted to less than 0.02 dB.

In the PTB set-up, the relevant electrical quantities are determined in relation to a
reference [Ludwig 76] using a precision attenuator. This reduces the number of
critical current and voltage measurements, and since signal and reference use the
same path the method avoids the determination of the frequency response of the
signal line. The receiving voltages of reciprocal transducer and hydrophone were
observed on a scope together with the delayed and attenuated transmitting pulse.
Both signals were set to equal values and the attenuator read a voltage ratio. In the
same manner the transmitting currents were compared with a reference current
generated by a reference line in the current-voltage transformer, with the reference
impedance Z = 50 Q. In the calculation of the sensitivity the reference voltage cancels
out and only the step attenuator (Rohde & Schwarz RSP) makes the main
contribution to the uncertainty budget. The corresponding amplitude ratios
determined using the attenuator are referred to as au etc. in Eq. (1) below.

2.2 Measurements
2.2.1 Preparation of measurement

The tank used was of rectangular shape (0.55 mx0.4 mx0.4 m) and consisted of
glass walls mounted in a steel frame. Standard shielding connections were made.

The tank was filled with water deionised using equipment commonly used for the
preparation of distilled water. The conductivity was below 2 pS/cm.
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The water was degassed by a vacuum technique. It stayed under vacuum for
more than 12 hours. The tank was filled immediately before the measurement and
emptied of half of the water at the end of the day.

Prior to use, the hydrophones were soaked for 1 hour in degassed water before
using. After the measurement cycle had been finished, they were stored in a separate
vessel containing degassed water. At the end of day they were stored in air in a
container.

2.2.2 Performance of measurement

After installation of the transducer the tank was filled and the hydrophone was
adjusted. All necessary measurements were carried out at those frequency points at
which the transducer generated a suitable sound field. After the measurement cycle
the hydrophone was removed and the transducer was changed. In the majority of
cases only one measurement cycle was carried out per day.

The sound field used during the calibration procedure was generated by different
plane transducers. Since all electrical quantities were determined in relation to a
reference, the sound pressure was not specially measured. Typical values amounted
to between 1 kPa and 100 kPa. Care was taken to avoid non-linear distortion of the
sound field.

The distance between transducer and hydrophone depended on the frequency
and the diameter of the transducer used. With some exceptions in the high-
frequency range the distances were larger than 442/ A, where a is the transducer
radius and A the wavelength of the sound field. The transducers used and the
distances between hydrophone and transducer have been listed in Appendix B.

The NPL amplifier was not used during calibration. The gain of all amplifiers had
not to be determined because the signal path of all measurements and the reference
path were the same.

2.2.3 Results

The sensitivity M was determined according to
V /0 ¢ kyo

see also Egs. (3) - (5) in [Ludwig 88]. Four independent measurements were documented
using the protocol sheets of NPL. The data have been summarised in Appendix A. The
single measurements correspond to the four columns in the table of Appendix B, where
four transducer/distance combinations are given at each frequency. The only exception is
at 2 MHz, where the third configuration was used twice.

Since the correction factor kgyo; is given by aji/ax;, where ay refers to the short-circuit
current, Eq. (1) can be modified to

a112
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2.3 Uncertainties

Calibration is affected by several uncertainties. In the following their estimation is justified in detail. The
data for every frequency point are given in Appendix C. Uncertainties below 0.1 % are considered negligible.

2.3.1 Standard uncertainty of Type B

a) Amplitude ratios obtained using the precision attenuator

The uncertainty of aui, aw, an, ax and an2 is due to the following effects:
resolution of the attenuator (0,1 dB), accuracy of the attenuator as calibrated (0.1 dB),
resolution of the scope and temporal stability of the signal displayed by the scope
(0.2 dB), electromagnetic interference (1% to 3% depending on the frequency).

b) Reference impedance Z
Uncertainties are given in Appendix C.

c) Diffraction loss and alignment of the transducer in self-reciprocity

Uncertainties of the field factor Gi are given in Appendix C. They cover the
uncertainty with which the relevant geometric quantities are known and the
uncertainty of transducer alignment.

d) Field factor for the hydrophone and alignment of the hydrophone

Uncertainties of the field factor G are given in Appendix C. They cover the
uncertainty with which the relevant geometric quantities are known and the
uncertainty of the alignment of the hydrophone.

e) Reflection factor r
The reflectivity of the ultrasonic reflector depends slightly on the temperature, but
the effect proved to be negligible.

f) Characteristic acoustic impedance pc
The characteristic acoustic impedance depends slightly on temperature, but the effect proved to be
negligible.

g) Transducer radius

The uncertainty with which the transducer radius is known is estimated to be 1%
for the measurements at 1 MHz and 5 % in all other cases. This leads to the
uncertainty of the transducer area A as given in Appendix C.
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h) Open-circuit correction factor kuoz

The hydrophone impedance was given by the pilot laboratory. The input
impedance of the amplifier used was measured; it was affected by an uncertainty,
particularly at 10 and 15 MHz. The values are given in Appendix C.

i) Ultrasonic attenuation in water

This effect is covered by the last term of Egs. (1) and (2). Values for « as a function
of temperature and frequency have been taken from the literature ([Pinkerton],
interpolated), but it is assumed here that o is uncertain by 1%. The resulting
uncertainty is listed in Appendix C.

2.3.2 Standard uncertainty of Type A

The empirical standard deviation of the four M results at every measurement
point is calculated. The data are summarised in Appendix C.

2.3.3 Overall uncertainty

The overall uncertainty is obtained by summation in quadrature. The respective
values and values of the expanded uncertainty with k=2 are given in Appendix C.
Values of the effective degrees of freedom are also given there. They have been
obtained according to Appendix E of Document EA-4/02 of the European co-
operation for Accreditation. These values proved to be large enough not to affect the
calculation of the expanded uncertainty.

3. Calibration using optical interferometry
3.1 Calibration method

This section describes the calibration measurements carried out using optical
interferometry. The set-up and the calibration procedure are equal to the high-
frequency arrangement recently described in detail in [Koch 99]. Only the
transducer, the working distances, and the spatial averaging correction procedure
were adapted to the needs of the low-frequency MHz range. For the sake of
completeness, a brief description of the method is given in the following.

Calibration is based on an interferometric, i. e. an optical technique. It relates the
acoustic displacement in a sound field directly to the well-known optical wavelength
of an He-Ne laser, thus ensuring a primary calibration.

The sound field generated by a focussing transducer is measured by an
interferometer which serves to detect the displacement of a pellicle arranged on the
surface of the tank fluid. The ultrasonic wave is incident from the bottom, whereas
the laser beam comes from the air-backed side and is not disturbed by the sound. In
the second step the interferometric part is removed and the hydrophone is inserted.
After addition of some water the hydrophone spot is adjusted to exactly the previous
position of pellicle and laser beam. The measurement is repeated under equivalent
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conditions and the hydrophone voltage obtained is used for determining of the
sensitivity.

The sound field was generated by a focussing transducer. The tone bursts used to
excite the transducer were generated by a function generator whose frequency was
controlled by a frequency counter (HP 53131A). In contrast to the high-frequency
case, a longer focal length was used (see below) to obtain a sufficiently large spot for
the 1 mm diameter hydrophones. The longer focal length led to a longer working
distance between hydrophone and transducer. Because of the strong dependence of
the on-axis pressure on frequency in a focussed field in the low MHz frequency
range, two different working distances (see below) were necessary to ensure
sufficient signal strength. They were chosen so that, in the two frequency ranges
1-4MHz and 5 - 15 MHz, the pellicle and the hydrophone, were situated near the
maximum on-axis pressure point.

Because of the longer focal length of the transducer, the hydrophone and the
pellicle could not be mounted in the geometric focus of the transducer. To calculate
the spatial averaging correction factor Fs, a model using the Rayleigh integral was
implemented as given in the paper by O’Neil [O’Neil 49]. The numerical model
provides the complex-valued sound pressure in any plane of the field, and
integration over the active area of the detector normalised to the peak pressure
yields the spatial averaging correction factor. To include the non-ideal behaviour of
the transducer, an effective transducer diameter and an effective focal length [Adach
70] were determined by fitting the calculated on-axis pressure and two lateral
pressure distributions to three-dimensional interferometer measurements. These
titting processes were carried out at different frequencies (1, 5, 15 MHz).

The open-circuit correction was carried out by multiplying the loaded sensitivity
by the factors given in table 1 of the protocol document. These factors were
interpreted to be the impedance quotient of Eq. (3) in [Koch 99].

3.2 Measurements
3.2.1 Preparation of measurement

The tank used consisted of PMMA and had an inner diameter of 30 cm. The tank
was filled with water deionised using equipment commonly used for the
preparation of distilled water. The conductivity was below 1 pS/cm; after manual
insertion of the hydrophone, it increased to typically 2.6 uS/cm because it was not
possible to avoid contact between hand and water. In the case of the interferometric
measurement the filling height depended on the distance between transducer and
pellicle (see below). For the hydrophone part some water was added.

The water was degassed by a vacuum technique. It spouted into an evacuated
vessel and stayed there under vacuum for several hours. The tank was filled
immediately before the measurement and emptied completely afterwards.

Prior to use, the hydrophones were soaked for 1 hour in degassed water. After the
measurement cycle had been finished they were immediately removed from the tank
and stored in air in a container.
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3.2.2 Performance of measurement

One measurement cycle was carried out per day. One cycle covered the
determination of one value of the displacement or of the hydrophone voltage in
either the interferometric or the hydrophone measurement part at every frequency
point. This procedure ensured independent measurements of all quantities.

The sound field used during the calibration process was generated by a focussing
transducer (nominal diameter: 12 mm; nominal focal length: 75 mm; effective
diameter: 12.1 mm; effective focal length: 112 mm). Typical values of sound pressure
and propagation distances are given in Table 1.

Frequency Sound pressure in kPa Propagation distance in
mm
1 19.7 50
2 67.6 50
5 72.4 100
10 260 100
15 420 100

Table 1: Typical values of sound pressure amplitude and propagation distances
during interferometric calibration

The NPL amplifier was used during the hydrophone measurement part. The gain
of the amplifier was determined with the aid of two rf-level meters (RACAL DANA
9303, 50 QO-measurement head) as shown in Fig. 1. A continuous-wave input signal
generated by a synthesizer was fed into the amplifier and the output signal as well
as the input voltage were measured by two equal rf-level meters (Fig. 1a). To reduce
the uncertainty, a calibration was carried out by removing the amplifier (Fig. 1b).
The input signal was fed via a 25 Q resistor directly into the level meters and the
deviations from one were recorded. The 25 Q resistor was necessary to ensure 50 Q
conditions in this part of the measurement.

In contrast to the synthesiser, a hydrophone is far from being a pure 50 Q2 source
to the amplifier. A test was therefore carried out to estimate changes in the amplifier
gain due to different source conditions. The hydrophone was simulated by a 3 kQ
resistor and a 91 pF capacitance. Both values were roughly extracted from the
impedance data in the protocol document. The rf-level meters were replaced by a
two-channel scope set to 1 MQ) input impedance at the amplifier input and to 50 Q2 at
the output. The gain was determined for this configuration and compared with the
values obtained under pure 50 Q source conditions. Excellent agreement within the
uncertainty range was found.

The input voltage during the gain measurement was adapted to the voltages
occurring during calibration. Furthermore, a linearity check was carried out;
significant deviations could not be found in the voltage range used during
calibration.
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a) Amplifier
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Fig. 1: Set-up for the determination of preamplifier gain; a) gain measurement, b)
reference measurement, c) test using complex impedance as a source

3.2.3 Results

The sensitivity was determined according to Egs. (2) and (3) in [Koch 99]. Four
independent measurements were documented using the protocol sheets of NPL. The
data have been summarised in Appendix D.

Although both the two-transducer reciprocity and the interferometric technique
provided reliable results, interferometric calibration was considered to be the
primary calibration. The main reason for this choice is the lower measurement
uncertainty at the higher frequency end of the measurement range. In addition,
because of technical problems which could not be solved during the time the
hydrophones were at PTB, results for only a single hydrophone were obtained by
two-transducer reciprocity. To ensure complete comparison with other participants,
the interferometric technique was chosen to be the primary calibration method.
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3.3 Uncertainties

Calibration is affected by several uncertainties. In the following, their estimation
is justified in detail. The data for every frequency point are given in Appendix E.

3.3.1 Standard uncertainty of Type B

a) Signal-to-noise ratio

The signal-to-noise ratio (SNR) of the measurement and the resulting uncertainty
were obtained from the FFT calculation necessary to determine the hydrophone
voltage and, the displacement amplitude. The FFT provides the power of both the
signal and the noise, and the quotient is the signal-to-noise ratio under current
conditions. Although the noise is of a very different nature (amplifier noise and
photon shot noise), it may be assumed that a normal distribution is given and that
the rms-value of the noise power is identified with standard uncertainty. The
uncertainty of the measured hydrophone Un and photodetector output voltage Ui
can be written as follows:

5U SNR /dB (3)

LH — 10 20

UI,H

Note that this expression is specific for every measurement situation, in particular,
the sampling rate and the bandwidth.

b) Resolution of the scope 6Uj0sc, OUH,0sc

The resolution of the scope has been taken from the manual and covers the
sampling uncertainty and linearity errors. Nothing is known about the statistics, and
rectangular statistics are assumed.

c) Uncertainty of voltage measurement at transducer T,

The voltage measurement at the transducer is critical only with respect to the
reproducibility which is mainly influenced by the reading error. The voltage value
could be read out with an uncertainty of 1/10 of one division and the full screen had
eight divisions.

d) Uncertainty of the determination of transimpedance gain Az(f)

The main uncertainty contributions result from photon detection noise and the
slightly unstable laser power during the optical mixing experiment. A normal
distribution is used.

e) Uncertainty of determination of V(f)

Because of the reference measurement the main contribution to the uncertainty is
caused by the non-linearity of the level meter at the amplifier output. It was
estimated by comparison with a highly precise step attenuator. Added to this are the
uncertainties arising from the display accuracy and from necessary changes in the
voltage ranges.
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f) Uncertainty of pellicle transmission coefficient

The pellicle transmission coefficient is influenced by the density, the thickness,
and the sound velocity of the foil material. All three parameters were measured
[Koch 97] with an estimated uncertainty of 10%. Transmission coefficients were
determined for each parameter using the measured value and a value higher by 10%.
The differences were assumed to be upper limits, and an overall standard
uncertainty was calculated.

g) Adjustment uncertainty in the z-direction

The influence of the adjustment uncertainty in the z-direction was estimated using
the numerical model. The sound field pressure on the axis was calculated for a
detector with an active area of 0.5 mm?xm at two positions z1 and z2 (z2-z1: adjustment
accuracy). The term ‘(p(Zz)-p(Zﬂ) / p(Z1)| defines an upper limit, and rectangular
distribution is assumed.

h) Adjustment uncertainty in the lateral direction

The influence of the adjustment uncertainty in the lateral direction was also
estimated using the numerical model. The sound field pressure was calculated for a
detector with an active area of 0.5 mm2xm at the positions r1=0 and r=Ar (Ar:
adjustment accuracy). The term ‘(p(rz)-p(rl)) / p(r1)| defines an upper limit, and
rectangular distribution is assumed.

i) Uncertainty of spatial averaging correction factor Fsp

The spatial averaging correction factor was calculated for effective transducer
parameters differing by the estimated uncertainty of the determination of the
effective parameters. The values obtained define upper limits, and rectangular
distribution is assumed.

j) Sound field inhomogeneities I

The influence of sound field inhomogeneities was only roughly estimated using
two-dimensional sound field plots. An integration of the experimental values over
the active detector area allows the influence of inhomogeneities to be estimated.

3.3.2 Standard uncertainty of Type A

The empirical standard deviation of the four measurements at every measurement
point is given as the standard uncertainty of Type A. The data has been summarised
in Appendix E.

3.3.3 Overall uncertainty

The overall uncertainty 0Moc/ Mo is obtained by:
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SM,, , ou? (4)
M, & u=UpUy-.

Finally, the expanded uncertainty (k=2) is given in Appendix E. The effective
degrees of freedom vesr were calculated for all frequency points, and the values were
far from 100 with a single exception which justified the choice of k=2. In the case of
IP027 at 15 MHz, vets was calculated to be 63. Although this value corresponds to
k=2.04, the common factor of k=2 was used.
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Appendix A

This Appendix gives the results of the two-transducer reciprocity calibration. Tables
A1l to A5 list the data with respect to the single frequency point using the calibration
report sheet of the protocol document. Table A6 summarises the results using the
summary sheet.

Table A1: Results for 1 MHz, IP039

Institution: Calibration method:
Physikalisch-Technische Bundesanstalt Two-transducer reciprocity
Date(s) of calibrations: Hydrophone serial number:
11.4.00; 18.4.00; 19.4.00; 20.4.00 IP039

Nominal frequency (MHz):

1,0 MHz

Measurement 1 2 3 4
number

Actual frequency (MHz) 1,0 1,0 1,0 1,0
Temperature, T (°C) 21,2 21,0 21,0 20,4
Open-circuit correction 1,092 1,092 1,092 1,092
Water conductivity (uS/cm) 0,55-1,0(0,55-1,00,55-1,00,55 - 1,0
Oxygen content (mg/1), or 54% - | 54%- | 54%- | 54% -
Alternative (ppm  or %| 63% 63% 63% 63%
saturation)

Amplifier gain (dB) - - - -
Measured sensitivity (nV/Pa) 155,3 158,9 153,3 158,4
Open-circuit sensitivity at T °C 169,7 173,6 167,5 173,1
(nV/Pa) .

Notes (e.g. of any unusual

Difficulties)
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Table A2: Results for 2 MHz, IP039

Institution: Calibration method:
Physikalisch-Technische Bundesanstalt Two-transducer reciprocity
Date(s) of calibrations: Hydrophone serial number:
6.4.00; 7..4.00; 14.4.00; 17.4.00 IP039

Nominal frequency (MHz):

2,0 MHz

Measurement 1 2 3 4
number

Actual frequency (MHz) 2,0 20 20 20
Temperature, T (°C) 20,9 20,9 19,5 20,3
Open-circuit correction 1,096 1,096 1,096 1,096
Water conductivity (uS/cm) 0,55-1,0{0,55-1,0|0,55-1,0{0,55 - 1,0
Oxygen content (mg/1), or 54% - | 54%- | 54%- | 54%-
alternative (ppm or % saturation) | 63% 63% 63 % 63 %
Amplifier gain (dB) - - - -
Measured sensitivity (nV/Pa) 158,5 151,5 158,8 150,4
Open-circuit sensitivity at T °C 173,7 166,1 174,1 164,9
(nV/Pa).

Notes (e.g. of any wunusual

difficulties)
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Table A3: Results for 5 MHz, IP039

Institution:

Physikalisch-Technische Bundesanstalt

Calibration method:

Two-transducer reciprocity

Date(s) of calibrations:

Hydrophone serial number:

31.3.00; 6.4.00; 12.4.00; 12.4.00 IP039

Nominal frequency (MHz):

5,0 MHz

Measurement 1 2 3 4
number

Actual frequency (MHz) 5,0 5,0 5,0 5,0
Temperature, T (°C) 20,7 20,9 21,0 21,0
Open-circuit correction 1,099 1,099 1,099 1,099
Water conductivity (uS/cm) 0,55-1,0|0,55-1,0|0,55-1,0 0,55 -1,0
Oxygen content (mg/l), or| 54%. | 54%- | 54%- | 54%-
alternative (ppm or % saturation) | 3% 63% 63% 63%
Amplifier gain (dB) - - - -
Measured sensitivity (nV/Pa) 166,4 165,0 167,0 168,4
Open-circuit sensitivity at T °C 182,7 181,2 183,4 185,0
(nV/Pa) .

Notes (e.g. of any unusual

difficulties)
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Table A4: Results for 10 MHz, IP039

Institution: Calibration method:
Physikalisch-Technische Bundesanstalt Two-transducer reciprocity
Date(s) of calibrations: Hydrophone serial number:
4.4.00; 5.4,00;2 5.4.00; 26.4.00 IP039

Nominal frequency (MHz):

10 MHz

Measurement 1 2 3 4
number

Actual frequency (MHz) 10,0 10,0 10,0 10,0
Temperature, T (°C) 20,5 20,5 19,6 20,1
Open-circuit correction 1,098 1,098 1,098 1,098
Water conductivity (uS/cm) 06-10|06-101|06-1006-10
Oxygen content (mg/1), or 54-63 | 54-63 | 54-63 | 54-63
alternative (ppm or % saturation)

Amplifier gain (dB) - - - -
Measured sensitivity (nV/Pa) 185,0 197,6 175,2 179,0

Open-circuit sensitivity at T °C 203,1 216,8 192,3 196,4
(nV/Pa) .

Notes (e.g. of any unusual
difficulties)
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Table A5: Results for 15 MHz, 1P039

Institution:

Physikalisch-Technische Bundesanstalt

Calibration method:

Two-transducer reciprocity

Date(s) of calibrations:

Hydrophone serial number:

4.4.00; 25.4.00; 25.4.00; 26.4.00 1P039

Nominal frequency (MHz):

15,0 MHz

Measurement 1 2 3 4
number

Actual frequency (MHz) 15,0 15,0 15,0 15,0
Temperature, T (°C) 20,5 19,6 19,6 20,0
Open-circuit correction 1,0995 | 1,0995 | 1,0995 | 1,0995
Water conductivity (uS/cm) 0,55-1,0|0,55-1,0|0,55-1,0 0,55 -1,0
Oxygen content (mg/1), or 54%- | 54%- | 54%- | 54%-
alternative (ppm or % saturation) | 63% 63 % 63 % 63%
Amplifier gain (dB) - - - -
Measured sensitivity (nV/Pa) 2216 2433 230,0 247,0
Open-circuit sensitivity at T °C 2437 267,5 2529 271,6
(nV/Pa) .

Notes (e.g. of any unusual

difficulties)

98




NPL Report DQL-AC RES 013

Table A6: Summary of results for IP039

Institution: Method:

Physikalisch-Technische Bundesanstalt Two-transducer
reciprocity

Dates: Hydrophone Serial Number: IP039

Nominal frequency 1 ) 5 10 15

(MHz)

Actual frequency (MHz) 1,0 2,0 5,0 10,0 15,0

Mean open-circuit | 1709 169,7 183,1 202,1 258,9

sensitivity at T °C

(nV/Pa)

20°t1°C

Type A (random) 0,8 14 0,4 2,7 25

standard  uncertainty

(%)

Type B (systematic) 4,4 50 5,0 6,2 7,2

standard  uncertainty

(%)

Expanded uncertainty 9,0 10,4 10,0 13,6 15,4

(%)
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Appendix B

This Appendix gives the list of the transducers and the distances between transducer
and hydrophone used in the two-transducer reciprocity method.

Table B1: Transducers and distances used during two-transducer reciprocity
calibration

Frequenc Parameters of transducers used
y
1 Nom. frequ. / 1.0 1.0 225 225
MHz
Nom. diam. / mm 19 19 19 19
Distance / cm 36.02 22.85 34.83 27.19
2 Nom. frequ. / 2.25 3.5 5.0
MHz
Nom. diam. / mm 19 12.7 6.3
Distance / cm 32.41 16.21 11.06
5 Nom. frequ. / 2-7 6-12 5.0 15.0
MHz
Nom. diam. / mm 6 6 6.3 6.3
Distance / cm 17.73 16.53 18.19 16.34
10 Nom. frequ. / 6-12 4-20 15.0 20.0
MHz
Nom. diam. / mm 6 6 6.3 6.3
Distance / cm 2218 22.88 23.80 29.16
15 Nom. frequ. / 6-12 4-20 15.0 20.0
MHz
Nom. diam. / mm 6 6 6.3 6.3
Distance / cm 32.94 30.72 33.71 27.95
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Appendix C

This Appendix indicates the uncertainties of the reciprocity calibration. Tables C1 to
C5 list the Type B uncertainty contributions for every frequency point, the Type A
uncertainty and the overall and expanded uncertainties.

Table C1: Uncertainties at 1 MHz

Section |Quantity |Limit Distributio |Standard |Sensitivity | Uncertaint
n uncertaint |coefficient |y
y
2.3.1.a) o ay, 0.2 dB + 0.2|rectangula |2.2 % 0.5 1.1 %
ar dB+2% T
a) oay, 0.2 dB + 0.2|rectangula |2.2 % 1 22 %
ag, dB+2% T
a) oap 0.2 dB + 0.2|rectangula |2.2 % 1 22 %
ap dB+2 % T
a) oap, 0.2 dB + 0.2|rectangula |2.2 % 0.5 1.1 %
apg dB+2% T
a) oa, 0.2 dB + 0.2|rectangula |2.2 % 1 22 %
ar, dB+2% T
b) 24 1.2 % rectangula | 0.7 % 0.5 0.3 %
Z r
C) 0G, 21 % rectangula |1.2 % 0.5 0.6 %
d) 0G, 2.1 % rectangula |1.2 % 1 1.2 %
e) or 0.1 % rectangula |0.07 % 0.5 negligible
r T
f) S(pc) 0.2 % rectangula | 0.1 % 0.5 negligible
pc r
g) o4 2.0 % rectangula [1.2 % 0.5 0.6 %
A r
h) Okyon 1.2 % rectangula {0.7 % 1 0.7 %
koo !
i) Se%d? 0.004 % 1 negligible
ead/Z
TypeB | Combined 44 %
232 oM normal 0.8 % 1 0.8 %
Type A | M
233 Overall 45 %
23.3 Expanded (k=2) 9.0 %
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The effective degrees of freedom are 1vesr = 3003.

Table C2: Uncertainties at 2 MHz

Section |Quantity |Limit Distributio |Standard |Sensitivity | Uncertaint
n uncertaint |coefficient |y
y
2.3.1.a) oay, 0.2 dB + 0.2|rectangula |2.0 % 0.5 1.0 %
ag dB+1 % T
a) oay, 0.2 dB + 0.2|rectangula 2.0 % 1 2.0 %
ags dB+1 % T
a) oap 0.2 dB + 0.2|rectangula |2.0 % 1 2.0 %
ap dB+1% T
a) oap, 0.2 dB + 0.2|rectangula [2.0 % 0.5 1.0 %
apq dB+1 % T
a) oay, 0.2 dB + 0.2|rectangula |2.0 % 1 2.0 %
a, dB+1 % T
b) 24 1.2 % rectangula [0.7 % 0.5 0.3 %
Z r
c) 0G, 2.1 % rectangula |1.2 % 0.5 0.6 %
G, r
d) 0G, 21 % rectangula |1.2 % 1 1.2 %
e) or 0.1 % rectangula |0.07 % 0.5 negligible
r r
f) 5(pc) 0.2 % rectangula [0.1 % 0.5 negligible
pc r
g) 54 10.0 % rectangula {5.7 % 0.5 29 %
A r
h) Okyo 1.2 % rectangula [0.7 % 1 0.7 %
k0 !
i) Sevd? 0.009 % 1 negligible
ead /2
Type B Combined 5.0 %
232 oM normal 1.4 % 1 1.4 %
Type A M
233 Overall 52 %
2.3.3 Expanded (k=2) 10.4 %

The effective degrees of freedom are et = 570.
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Section |Quantity |Limit Distributio |Standard |Sensitivity | Uncertaint
n uncertaint |coefficient |y
y
2.3.1.a) o ay, 0.2 dB + 0.2|rectangula |2.0 % 0.5 1.0 %
ar dB+1% T
a) oay, 0.2 dB + 0.2|rectangula |2.0 % 1 2.0%
ag, dB+1 % T
a) oa; 0.2 dB + 0.2|rectangula |2.0 % 1 2.0 %
ap dB+1 % T
a) oap, 0.2 dB + 0.2|rectangula 2.0 % 0.5 1.0 %
apg dB+1% T
a) oa, 0.2 dB + 0.2|rectangula |2.0 % 1 2.0 %
ar, dB+1% T
b) 24 1.2 % rectangula {0.7 % 0.5 0.3 %
VA r
C) 0G, 21 % rectangula |1.2 % 0.5 0.6 %
d) 0G, 2.1 % rectangula |1.2 % 1 1.2 %
e) or 0.1 % rectangula [0.07 % 0.5 negligible
r T
f) 5(pc) 0.2 % rectangula [0.1 % 0.5 negligible
pc r
) o4 10.0 % rectangula |5.7 % 0.5 29 %
A r
h) O kyon 1.2 % rectangula {0.7 % 1 0.7 %
ko !
i) Se%d? 0.05 % 1 negligible
ead/Z
Type B Combined 5.0 %
232 oM normal 0.4 % 1 0.4 %
Type A | M
2.3.3 Overall 5.0 %
23.3 Expanded (k=2) 10.0 %

The effective degrees of freedom are vet = 73242.
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Table C4: Uncertainties at 10 MHz

Section |Quantity |Limit Distributio |Standard |Sensitivity | Uncertaint
n uncertaint |coefficient |y
y

2.3.1.a) o ay, 0.2 dB + 0.2|rectangula |2.2 % 0.5 1.1 %
ar dB+2% T

a) oay, 0.2 dB + 0.2|rectangula |2.2 % 1 22 %
ag, dB+2% T

a) oap 0.2 dB + 0.2|rectangula |2.2 % 1 22 %
ap dB+2 % T

a) oap, 0.2 dB + 0.2|rectangula |2.2 % 0.5 1.1 %
apq dB+2% T

a) oa, 0.2 dB + 0.2|rectangula |2.2 % 1 22 %
ar, dB+2% T

b) oz 1.2 % rectangula | 0.7 % 0.5 0.3 %
Z r

C) 0G, 21 % rectangula |1.2 % 0.5 0.6 %

d) 0G, 2.1 % rectangula |1.2 % 1 1.2 %

e) or 0.1 % rectangula |0.07 % 0.5 negligible
r T

f) S(pc) 0.2 % rectangula | 0.1 % 0.5 negligible
pc r

) o4 10.0 % rectangula |5.7 % 0.5 29 %
A r

h) Okyon 5.9 % rectangula {3.4 % 1 34 %
koo !

i) Se%d? 0.3 % rectangula 0.2 % 1 0.2 %
ead/Z Y

Type B | Combined 6.2 %

232 oM normal 2.7 % 1 2.7 %

Type A | M

233 Overall 6.8 %

23.3 Expanded (k=2) 13.6 %

The effective degrees of freedom are vest = 120.
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Section |Quantity |Limit Distributio |Standard |Sensitivity | Uncertaint
n uncertaint |coefficient |y
y

2.3.1.a) o ay, 0.2 dB + 0.2|rectangula |2.9 % 0.5 1.5 %
ar dB+3 % T

a) oay, 0.2 dB + 0.2|rectangula |2.9 % 1 29 %
ag, dB+3 % T

a) oap 0.2 dB + 0.2|rectangula [2.9 % 1 29 %
ap dB+3 % T

a) oap, 0.2 dB + 0.2|rectangula [2.9 % 0.5 1.5 %
apq dB+3 % r

a) oa, 0.2 dB + 0.2|rectangula [2.9 % 1 29 %
ar, dB+3 % r

b) oz 2.3 % rectangula |1.3 % 0.5 0.7 %
Z r

C) 0G, 21 % rectangula |1.2 % 0.5 0.6 %

d) 0G, 2.1 % rectangula |1.2 % 1 1.2 %

e) or 0.1 % rectangula |0.07 % 0.5 negligible
r T

f) S(pc) 0.2 % rectangula | 0.1 % 0.5 negligible
pc r

) o4 10.0 % rectangula |5.7 % 0.5 29 %
A r

h) Okyon 5.9 % rectangula {3.4 % 1 34 %
koo !

i) Se%d? 09 % rectangula 0.5 % 1 05 %
ead/Z Y

TypeB | Combined 7.2 %

232 oM normal 2.5 % 1 25 %

Type A | M

233 Overall 7.7 %

23.3 Expanded (k=2) 15.4 %

The effective degrees of freedom are vest = 269.
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Appendix D

This Appendix indicates the results of the interferometric calibration. Tables D1 to
Table D10 list the data with respect to the single frequency point using the
calibration report sheet of the protocol document. Tables D11 and D12 summarise
the results using the summary sheet.

Table D1: Results for 1 MHz, 1027

Institution: PTB Calibration method:
interferometry

Date(s) of calibrations: see below Hydrophone serial number:
IP027

Nominal frequency (MHz): 1

Measurement 1 2 3 4

number

Actual frequency (MHz) 1.0 1.0 1.0 1.0

Date(s) 22/3,24/3| 30/3, |7/4,3/4| 18/4,
31/3 19/4

Temperature, T (°C) 21.0 21.2 21.2 21.1

Open-circuit correction 1.0526 | 1.0526 | 1.0526 | 1.0526

Water conductivity (uS/cm) 1.9 ) 1.8 1.7

Oxygen content (mg/1), or 68 % 68 % 55 % 60 %

alternative (ppm or % saturation)

Amplifier gain (dB) 1623 | 1623 | 1623 | 1623

(50 Ohm load)

Measured sensitivity (nV/Pa) 1474 | 1505 | 1506 | 1524

Open-circuit sensitivity at T °C 155.1 158.4 158.5 160.4

(nV/Pa).

Notes (e.g. of any unusual

difficulties)
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Table D2: Results for 2 MHz, 1027

Institution: PTB Calibration method:
interferometry

Date(s) of calibrations: see below Hydrophone serial number:
IP027

Nominal frequency (MHz): 2

Measurement 1 2 3 4

number

Actual frequency (MHz) 2.0 2.0 2.0 2.0

Date(s) 22/3,24/3| 30/3, |7/4,3/4| 18/4,
31/3 19/4

Temperature, T (°C) 21.0 21.2 21.2 21.1

Open-circuit correction 1.0573 | 1.0573 | 1.0573 | 1.0573

Water conductivity (uS/cm) 1.9 ) 1.8 1.7

Oxygen content (mg/1), or 68 % 68 % 55 % 60 %

alternative (ppm or % saturation)

Amplifier gain (dB) 16.3 16.3 16.3 16.3

(50 Ohm load)

Measured sensitivity (nV/Pa) 151.7 154.6 154.1 150.3

Open-circuit sensitivity at T °C 160.4 163.4 162.9 158.9

(nV/Pa) .

Notes (e.g. of any unusual

difficulties)
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Table D3: Results for 5 MHz, 1027

Institution: PTB Calibration method:
interferometry
Date(s) of calibrations: see below Hydrophone serial number:
IP027

Nominal frequency (MHz): 5

Measurement 1 ) 3 4

number

Actual frequency (MHz) 5.0 5.0 5.0 5.0

Date(s) 22/3,24/3| 30/3, |7/4,3/4| 18/4,
31/3 19/4

Temperature, T (°C) 21.0 21.2 21.2 21.1

Open-circuit correction 1.0573 | 1.0573 | 1.0573 | 1.0573

Water conductivity (uS/cm) 1.9 ) 1.8 1.7

Oxygen content (mg/1), or 68% | 68% | 55% | 60%

alternative (ppm or % saturation)

Amplifier gain (dB) 1619 | 1619 | 1619 | 1619

(50 Ohm load)

Measured sensitivity (nV/Pa) 1613 | 1632 | 160.0 | 164.6

Open-circuit sensitivity at T °C 170.5 172.6 169.2 174.0

(nV/Pa).

Notes (e.g. of any unusual

difficulties)
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Table D4: Results for 10 MHz, IP027

Institution: PTB Calibration method:
interferometry

Date(s) of calibrations: see below Hydrophone serial number:
IP027

Nominal frequency (MHz): 10

Measurement 1 ) 3 4

number

Actual frequency (MHz) 10.0 10.0 10.0 10.0

Date(s) 22/3,24/3| 30/3, |7/4,3/4| 18/4,
31/3 19/4

Temperature, T (°C) 21.0 21.2 21.2 21.1

Open-circuit correction 1.0589 | 1.0589 | 1.0589 | 1.0589

Water conductivity (uS/cm) 1.9 ) 1.8 1.7

Oxygen content (mg/1), or 68 % 68 % 55% | 60%

alternative (ppm or % saturation)

Amplifier gain (dB) 1564 | 1564 | 1564 | 15.64

(50 Ohm load)

Measured sensitivity (nV/Pa) 1894 | 18382 | 189.2 | 1853

Open-circuit sensitivity at T °C 200.6 199.3 200.4 196.2

(nV/Pa).

Notes (e.g. of any unusual

difficulties)
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Table D5: Results for 15 MHz, IP027

Institution: PTB Calibration method:
interferometry
Date(s) of calibrations: see below Hydrophone serial number:
IP027

Nominal frequency (MHz): 15

Measurement 1 ) 3 4

number

Actual frequency (MHz) 15.0 15.0 15.0 15.0

Date(s) 22/3,24/3| 30/3, |7/4,3/4| 18/4,
31/3 19/4

Temperature, T (°C) 21.0 21.0 21.1 21.0

Open-circuit correction 1.0587 | 1.0587 | 1.0587 | 1.0587

Water conductivity (uS/cm) 1.9 ) 1.8 1.7

Oxygen content (mg/1), or 68% | 68% | 55% | 60%

alternative (ppm or % saturation)

Amplifier gain (dB) 14.7 14.7 14.7 14.7

(50 Ohm load)

Measured sensitivity (nV/Pa) 236.6 | 2339 | 2453 | 2397

Open-circuit sensitivity at T °C 250.5 247.6 2595 253.8

(nV/Pa).

Notes (e.g. of any unusual

difficulties)
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Table D6: Results for 1 MHz, 1’039

Institution: PTB Calibration method:
interferometry

Date(s) of calibrations: see below Hydrophone serial number:
IP039

Nominal frequency (MHz): 1

Measurement 1 ) 3 4

number

Actual frequency (MHz) 1.0 1.0 1.0 1.0

Date(s) 5/5,4/5 |8/5,11/5| 17/5, | 25/5,
12/5 29/5

Temperature, T (°C) 21.4 215 21.2 21.0

Open-circuit correction 1.0582 | 1.0582 | 1.0582 | 1.0582

Water conductivity (uS/cm) 23 23 2.4 26

Oxygen content (mg/1), or 60 % 61 % 59 % 60 %

alternative (ppm or % saturation)

Amplifier gain (dB) 1623 | 1623 | 1623 | 16.23

(50 Ohm load)

Measured sensitivity (nV/Pa) 1606 | 1623 | 1600 | 165.0

Open-circuit sensitivity at T °C 168.9 171.7 168.4 173.7

(nV/Pa).

Notes (e.g. of any unusual

difficulties)
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Table D7: Results for 2 MHz, 1’039

Institution: PTB Calibration method:
interferometry
Date(s) of calibrations: see below Hydrophone serial number:
IP039

Nominal frequency (MHz): 2

Measurement 1 ) 3 4

number

Actual frequency (MHz) 2.0 2.0 2.0 2.0

Date(s) 5/5,4/5 |8/5,11/5| 17/5, | 25/5,
12/5 29/5

Temperature, T (°C) 214 21.3 21.2 21.1

Open-circuit correction 1.0633 | 1.0633 | 1.0633 | 1.0633

Water conductivity (uS/cm) 23 23 2.4 26

Oxygen content (mg/1), or 60% | 61% | 59% | 60%

alternative (ppm or % saturation)

Amplifier gain (dB) 16.3 16.3 16.3 16.3

(50 Ohm load)

Measured sensitivity (nV/Pa) 1605 | 1624 | 1611 | 160.6

Open-circuit sensitivity at T °C 170.7 172.7 170.3 169.8

(nV/Pa).

Notes (e.g. of any unusual

difficulties)

112




NPL Report DQL-AC RES 013

Table D8: Results for 5SMHz, 1P039

Institution: PTB Calibration method:
interferometry

Date(s) of calibrations: see below Hydrophone serial number:
IP039

Nominal frequency (MHz): 5

Measurement 1 ) 3 4

number

Actual frequency (MHz) 5.0 5.0 5.0 5.0

Date(s) 5/5,4/5 |8/5,11/5| 17/5, | 25/5,
12/5 29/5

Temperature, T (°C) 21.3 21.3 21.2 21.2

Open-circuit correction 1.0625 | 1.0625 | 1.0625 | 1.0625

Water conductivity (uS/cm) 23 23 2.4 26

Oxygen content (mg/1), or 60 % 61 % 59% | 60%

alternative (ppm or % saturation)

Amplifier gain (dB) 1619 | 1619 | 1619 | 16.19

(50 Ohm load)

Measured sensitivity (nV/Pa) 1682 | 1656 | 1658 | 167.6

Open-circuit sensitivity at T °C 178.7 176.0 175.3 177.2

(nV/Pa).

Notes (e.g. of any unusual

difficulties)
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Table D9: Results for 10 MHz, IP039

Institution: PTB Calibration method:
interferometry

Date(s) of calibrations: see below Hydrophone serial number:
IP039

Nominal frequency (MHz): 10

Measurement 1 ) 3 4

number

Actual frequency (MHz) 10.0 10.0 10.0 10.0

Date(s) 5/5,4/5 |8/5,11/5| 17/5, | 25/5,
12/5 29/5

Temperature, T (°C) 21.3 21.3 21.2 21.2

Open-circuit correction 1.0640 | 1.0640 | 1.0640 | 1.0640

Water conductivity (uS/cm) 23 23 2.4 26

Oxygen content (mg/1), or 60 % 61 % 59 % 60 %

alternative (ppm or % saturation)

Amplifier gain (dB) 1564 | 1564 | 1564 | 1564

(50 Ohm load)

Measured sensitivity (nV/Pa) 1902 | 1931 | 1908 | 1875

Open-circuit sensitivity at T °C 202.4 205.4 202.1 198.5

(nV/Pa).

Notes (e.g. of any unusual

difficulties)
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Table D10: Results for 15 MHz, 1’039

Institution: PTB Calibration method:
interferometry

Date(s) of calibrations: see below Hydrophone serial number:
IP039

Nominal frequency (MHz): 15

Measurement 1 ) 3 4

number

Actual frequency (MHz) 15.0 15.0 15.0 15.0

Date(s) 5/5,4/5 |8/5,11/5| 17/5, | 25/5,
12/5 29/5

Temperature, T (°C) 21.5 21.3 21.2 21.1

Open-circuit correction 1.0639 | 1.0639 | 1.0639 | 1.0639

Water conductivity (uS/cm) 23 23 2.4 26

Oxygen content (mg/1), or 60 % 61 % 59% | 60%

alternative (ppm or % saturation)

Amplifier gain (dB) 14.7 14.7 14.7 14.7

(50 Ohm load)

Measured sensitivity (nV/Pa) 2481 | 2495 | 2508 | 2511

Open-circuit sensitivity at T °C 264.0 265.5 265.5 265.8

(nV/Pa).

Notes (e.g. of any unusual

difficulties)
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Table D11: Summary of results for IP027

Institution: PTB

Method: interferometry

Dates: Hydrophone serial number: IP027
4/5/8/11/12/17/25/26

/29

of May

Nominal frequency 1 ) 5 10 15
(MHz)

Actual frequency (MHz) 1 ) 5 10 15
Mean = open-circuit | 15814t | 1614at | 1716at | 199.1at | 2528at
sensitivity at T °C| 217 21.1 211 211 211
(nV/Pa)

Type A (random) 1.4 1.4 1.3 1.2 2.1
standard  uncertainty

(%)

Type B (systematic) 3.9 4.0 3.9 4.0 4.0
standard  uncertainty

(%)

Expanded uncertainty | g4 8.4 8.2 8.4 9.0
(%)
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Institution: PTB

Method: interferometry

Dates: Hydrophone serial number: IP039
4/5/8/11/12/17/25/26

/29

of May

Nominal frequency 1 ) 5 10 15
(MHz)

Actual frequency (MHz) 1 ) 5 10 15
Meap. ' open—circt:it 170.6at | 1709at | 176.8at | 202.1at | 265.2 at
sensitivity at T °C| 13 213 213 214 214
(nV/Pa)

Type A (random) 15 1.0 1.0 14 1.6
standard  uncertainty

(%)

Type B (systematic) 3.9 4.0 3.9 4.0 4.0
standard  uncertainty

(%)

Expanded uncertainty | g4 8.2 8.0 8.4 8.6
(%)
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Appendix E

This Appendix states the uncertainties of the interferometric calibration. Tables E1 to
Table E5 list the Type B uncertainty contributions for every frequency point. The
summary document sheet in Appendix D gives all results, Type A and Type B
overall uncertainties and the expanded uncertainty for all measurements.

Table E1: Uncertainty f=1 MHz

Section | Quantity Limit Standard |Distributio | Coefficien | Uncertaint
uncertaint |n t y
y
3.3.1a) | 6U, / 0.2% normal 1 0.2%
UI
oUy / 0.2% normal 1 0.2%
UH
b) OU o 1.25%+0.4 [1% rectangula |1 1%
UI‘Osc % T
0Uy o5 1.25%+04 |1% rectangula |1 1%
UH,OSC % r
C) T: 1.25% 0.7% rectangula |1 0.7%
r
d) 54, 3.4% normal 1 3.4%
AZ
e) 4 1.0% normal 1 1.0%
V
f) oT <0.01 <0.01 rectangula |1 0%
T r
g) p(z,) - p(z))| <0.01% <0.01% rectangula |1 0%
Pz) | r
1p(z,) - p(z) <0.01% <0.01% rectangula |1 0%
p(z)) Int r
h) \ p(r,) - p(r, )‘ 0.06% 0.04% rectangula |1 0.04%
p(r) iy r
(1) = p(1r) 0.17% 0.1% rectangula |1 0.1%
p(r) ot r
i) SF, 0.4% 0.23% rectangula |1 0.23%
r
1, Hyd
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SF, <0.01% <0.01% rectangula |1 0%
. r
Py, Int
) In 0.4% 0.23% rectangula |1 0.23%
r
combined 3.9%
Table E2: Uncertainty =2 MHz
Section | Quantity Limit Standard |Distributio | Coefficien | Uncertaint
uncertaint | n t y
y
3.3.1a) | oV, / 0.1% normal 1 0.1%
Ul
oUy / 0.1% normal 1 0.1%
UH
b) OU o 1.25%+0.4 |1% rectangula |1 1%
Uiose % r
U 05 1.25%+0.4 (1% rectangula |1 1%
UH,Osc % r
C) T: 1.25% 0.7% rectangula |1 0.7%
r
d) 54, 3.4% normal 1 3.4%
AZ
e) 4 1.0% normal 1 1.0%
Vv
f) oT <0.01 <0.01 rectangula |1 0%
T r
g) p(z,) - p(z))| <0.01% <0.01% rectangula |1 0%
pz) | r
p(z,) - p(z) <0.01% <0.01% rectangula |1 0%
r(z) |, r
h) \ p(r,) - p(r, )‘ 0.06% 0.04% rectangula |1 0.04%
p(r) iy r
[p(r,) = p(r,) 0.18% 0.1% rectangula |1 0.1%
p(r) ot r
i) SF, 1.7% 1.0% rectangula |1 1.0%
r
sp /7, Hyd
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SF, <0.01% <0.01% rectangula 0%
r
Pl £, Int
i) In 0.4% 0.23% rectangula 0.23%
r
combined 4.0%
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Section | Quantity Limit Standard | Distributio | Coefficien | Uncertaint
uncertaint [n t y
y
3.3.1a) | 6U, / 0.1% normal 1 0.1%
UI
oUy / 0.05% normal 1 0.05%
UH
b) OU, o 1.25%+0.4 1% rectangula |1 1%
Ul,Osc % r
U0 1.25%+0.4 1% rectangula |1 1%
UH,OSC % r
C) T: 1.25% 0.7% rectangula |1 0.7%
r
d) 54, 3.4% normal 1 3.4%
AZ
e) o 1.0% normal 1 1.0%
V
f) oT 0.05 0.03 rectangula |1 0.03%
T r
g) p(z,) - p(z)| <0.01% <0.01% rectangula |1 0%
p(z)) Hyd r
1p(z,) - p(z) <0.01% <0.01% rectangula |1 0%
p(z)) Int I
h) p(ry) = p(r)| 0.05% 0.03% rectangula |1 0.03%
p(n) iy r
(1) = p(r)| 0.18% 0.1% rectangula |1 0.1%
p(r) nt r
i) SF, <0.01% <0.01% rectangula |1 0%
F. r
P 1 Hyd
SF, <0.01% <0.01% rectangula |1 0%
F. r
P £, Int
) In 0.5% 0.3% rectangula |1 0.3%
r
combined 3.9%
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Table E4: Uncertainty =10 MHz

Section | Quantity Limit Standard | Distributio | Coefficien | Uncertaint
uncertaint |n t y
y
3.3.1a) | 6V, / 0.1% normal 1 0.1%
UI
oUy / 0.05% normal 1 0.05%
UH
b) OU oy 1.25%+0.4 |1% rectangula |1 1%
UI,Osc % r
U o 1.25%+0.4 1% rectangula |1 1%
UH,OSC % r
C) T: 1.25% 0.7% rectangula |1 0.7%
r
d) 54, 3.4% normal 1 3.4%
AZ
e) o 1.0% normal 1 1.0%
V
f) oT 0.2 0.12 rectangula |1 0.12%
T r
g) p(z,) - p(z)| 0.02% 0.02% rectangula |1 0.02%
p(z)) Hyd r
1p(z,) - p(z) <0.01% <0.01% rectangula |1 0%
p(z)) Int I
h) p(ry) = p(r)| 0.02% 0.02% rectangula |1 0.02%
p(n) iy r
p(ry) - p(r,) 0.2% 0.14% rectangula |1 0.14%
p(r) nt r
i) SF, 0.01% 0.01% rectangula |1 0.01%
F. r
P 1 Hyd
SF, <0.01% <0.01% rectangula |1 0%
F. r
P £, Int
) In 1.0% 0.6% rectangula |1 0.6%
r
combined 4.0%
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Section | Quantity Limit Standard | Distributio | Coefficien | Uncertaint
uncertaint |n t y
y
3.3.1a) | oV, / 0.15% normal 1 0.15%
U,
oUy / 0.15% normal 1 0.15%
UH
b) OU oy 1.25%+0.4 |1% rectangula |1 1%
UI,Osc % T
U o 1.25%+0.4 1% rectangula |1 1%
UH,OSC % T
C) T: 1.25% 0.7% rectangula |1 0.7%
r
d) 54, 3.4% normal 1 3.4%
AZ
e) o 1.0% normal 1 1.0%
V
f) oT 0.4 0.25 rectangula |1 0.25%
T T
g) p(z,) - p(z)| 0.05% 0.03% rectangula |1 0.03%
p(z)) Hyd I
1p(z,) - p(z) <0.01% <0.01% rectangula |1 0%
p(z)) Int I
h) p(ry) = p(r)| 0.02% 0.02% rectangula |1 0.02%
p(n) iy r
(1) = p(r)| 0.25% 0.15% rectangula |1 0.15%
p(r) nt r
i) SF, 0.12% 0.07% rectangula |1 0.07%
F. T
P 1 Hyd
SF, <0.01% <0.01% rectangula |1 0%
F. r
P £, Int
) In 1.4% 0.9% rectangula |1 0.9 %
r
combined 4.0%
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APPENDIX G REPORT SUBMITTED BY TNO PREVENTION AND HEALTH,
THE NETHERLANDS
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TNQ research report
PG/TG/00.029 page 3 of 36 20 March 2000

Executive summary

As a pat of a BIPM/CTPM Key companison co-ardinated by NPL (UK), TNO Prevention and Health
(NL) hag calibrated two Marcon bilanunar membrane hydrophones, each having an active element
diameter of nominally 1 mm.

The cahbration 1z performed using a modified configuration of the reciprocity method, at fiequencies
of 1,2 5, 10 and 15 MHz. The acoustic pressures ranged fiom 20 to 80 kPa.

Fowr independent calibrations, each consisting of a series of 3 consecutive calibrations are performed
in the period between 20 Jamary and 10 February 2000.

The resulting hydrophone open-circuit sensitivty show a reproducibility m the range of 0,2 %o tol, 2 %.
The expanded uncertainty has been estimated to range trom 5,9 % to 6,4 %o.
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PG/TG/00.029 page 5 of 36 20 March 2000

1 Introduction

This report describes the method used and the results obtamed from a cahibration of 2 membrane
hydrophones within the project: “Comparison of 1 mm hydrophone calibrations in the frequency range
lto 15 MHz".

The project ¢ a contribution to the BIPM/CIPM Key Comparizon US2 (hydrophone free-tield open-
circwt sensitivity m the megahertz frequency range). This Key comparizon is co-ordinated by Dr. B.
Zeqm of NPL. The official contacts to BIPMVCIPM are covered by the Dutch National Metrology
Institute which contiibuted financially to the part of the project camied out by TNO Prevention and
Health.

The hydrophones calibrated are of the bilaminar design, mamitactured by Marcom Teclnology Centre
(Caswell, Northamptonshire, UK).
They were supplied by: National Physical Laboratory (NPL)

Centre for Mechanical and Acoustical Metrology

Teddington

Middlesex TW 11 OLW

UK.

The types calibrated are: Y-33-7611 MRQ senial no.: TP027
Y-33-7611 MRQ senal no.: IP039

The calibration has been performed usmg a modified configuration of the reciprocity method, at
frequencies of 1, 2, 5, 10 and 15 MHz and using the pre-amplifier (senal no: 56035) supplied by NPL.

The measwements have been performed m comphance with the Protocol Document covermg the
BIPM/CTPM Key Companson: CCAUV-U-K2 (1ef. 1).

The period of the calibration 1s: January 2000 — February 2000.
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2 Methods

2.1 Description of the Reciprocity Calibration Set-up

The calibration method as used by TNO PG, see Figure 1, 15 based on a modified configuration of the
reciprocity method described i the TEC publication 60866 [ref. 2].

Figure 1. The modified set-up of the reciprocity method used by TNO PG
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Figiwe 2 illustrates the arrangement for the Reaprocity Cahbration Set-up. The sowrce transducer
radiates repetitive acoustic tone bursts into a tank filled with water. These tone bussts are either
reflected by a thick stainless steel reflector or directed to the hydrophone to be calibrated.

For the self-reciprocity calibration of the source transducer, the transducer 1z adjusted to a position in
which the axiz of the emitted ultrasonic beam i perpendicular to the reflected surface: position 1 in
Figure 2.

I
=
S15A 33082 Source
1 Transccer Reflector —
Matec
Gating 250 "%
Modulator oo )
5100 !
! position 1
- Q Current 1 x
Signal =t i ' 4742
_1 probe 1
Generator l i
HP 8640B | i g
I | e
positon 2 _ a4y

- %EﬁECtEd < > Hydrophone

N 0. £5
Scope Tek 7603 .
for Alignment Voltage

Chh probe

O
s _(o—c\ low-noise cable 0.45 mm | [y drophone
] 8 .

Scope 1 2 . Pre-Amplifier
Tek TDS 3032 00

Ch1

Figure 2. Schematic diagram of the Reciprocity Calibration Set-up in use by TNO PG

For the second stage: i.e., the calibration of the Iydrophone, the source transducer is displaced so as to
bung its acoustic field i front of the hydrophone: position 2.

The hydrophone 1s ahgned such that the reflected wave from the hydrophone swface as recerved by
the source transcucer iz at maximum. A second alignment device positions the hydrophone in the
centre of the ultrasome beam so 1t 13 m hine and collinear with the direction of maximal sensitivity of
the liydrophone.

In tlig way the hydrophone recerves the sound pressure directly fiom the source transcucer, instead of
atter reflection by the stainless steel reflector ag given m IEC 60866. Furthermore if the distance
between the sowrce transducer and the hydrophone 1z made just equal to the distance between source
transcucer and reflector, for the attenuation of the ultrasound m water iz cancelled out, and correction
for this 1¢ not needed.

For thas cahibration set-up the expression for the hydrophone sensitivity 1s denved using clause 7.2.1
inthe IEC 60866 standard. The transmitting current response of the transducer is:
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(1)

b

)

I‘J
=

PG/TG/00.029 page 8 of 36
' pl o p Ors
JS'I - “_2
0(p) R
and
U, 1 e
. _ ) R
}}1_10@)' - " Tal5 - IU(‘D)'LU(P)'
I oy G V=T
in whicl:
Uy, Open-circuit voltage of source transducer during receiving of the tone burst
Ly Current through the source transducer
n Apparent acoustic pressure at the position of the reflector
a, Effective radius of the sowrce transducer
ol Density
c Velocity of sound m water

The desired openrcircuit voltage Uy, can be inferred fiom the actual measwed voltage U, of the
source transducer when loaded by a finite electnical nnpedance. If this electiical load conditions (e g,
tone burst generator output impedance ) is unchanged during transmission and reception, the value of
Upgy may be determined by measuing the current, I, trough the circmt when the transducer 1s

replaced or shortened by a shoit-ciremt Iink (“SC” 1 Figure 1).

Then it 18 clear that:

n which:

jk(ﬁ) (r*

Uy = 20U
(p) I JLe:]
oyl

3)

I,y Current through short-cirewt infroduced in place of the source transducer,

U,

Substitution of (3) in (2) gives:

132

5 ~— 1 |p-e
2=l Uiy D by

1 =

1 Appatent voltage of source transducer dunng recerving of the tone burst.
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The following relations takes corrections for reflection loss, ditfraction and spatial averaging on the
hydrophone 1nto account:

Uy =k Uy, and =k, p 3

and k=G, (©)

in which:

k, Correction factor for reflection loss and diffraction

i, Correction factor for spatial averaging

G, Factor for the diffractionloss of the source transducer

G,  Factor for the averaging effect of the liydrophone

7 Amplitude reflection coefficient of the reflector

¢“*4 Correction factor for attenuation in the sound path from source transcucer to reflector and bacl
d,  Distance between source transducer and reflector and between source transchicer and hydrophone
¢ Amplitude attenuation coefficient for water

As aresult the acoustic pressure in a specific point in the field is:

_ 7 g ~
2= Ly Uy Tx @
And the expression for the hydrophone sensitivaty M is:
T* Jd 7 —~
U:(’zcm: e Uyyy 2mer Al

) o [T I o c G
o e Uy i pe Oy

Ustry 2.1 G

' ‘a e ®)

_h{ =

n wlich:
Uy, Free-fieldvoltage of the hydrophone

U: » Apparent Free-field voltage of the hydrophone

e Correction factor for attenuation in the sound path from source transducer to hydrophone

133



NPL Report DQL-AC RES 013

TNQ research report
PG/TG/00.029 page 10 of 36 20 March 2000

2.2 Source transducers

The calibration of the hydrophones provided has to be performed at nominal frequencies of 1, 2, 5, 10
and 15 MHz. To cover this range 4 transducers with plane, circular active elements and different
centre frequencies and diameters are used as sources. They are manufactured by Panametrics. Table 1
presents characteristic parameters of the transducers relevant for the calculation of the acoustic
pressure.
The effective racivs of the source transducer, @, 18 the radis of the equivalent piston-like source for
which the spatial distribution of the acoustic pressure amplitude in the far field most clogely resembles
that from the transducer itself.
The effective radius 18 determined from a plot of the acounstic pressure amplitude as a function of the
position along the beam axis, obtamed by means of hydrophone measwements. Instead of using the
last axial maxinuan for the calculabion, the last axial naninnm has been chosen as this posiion will
provide a better spatial defimtion. The well known analysis [ref. 3] for the field racdiated by a
siizoidal exited plane disk-shaped piston source i an infinite batfle vields an expression for the last
axtal nummumn xy:

al — A

o
24

Which yields for the effective radius: o, = Joa A } (10)

m which 7 iz the wavelength of the transmitted signal The results are given in Table 1.

©)

Table 1. Characteristics of the source transducers (nominal values)

Source r T=1/f A D/ 2 ka Nominal | Last axial Calculated
Transduce Radius | minimum Radius
o 1 @]
(MHz) (1) (mm) (1) (1) (1)
Vild 1.00000 1 1,482 12,6 39,6 935 264 8,97
1,000,775
V306 2,00000 0.5 0,7412 17.1 53.8 6,35 254 6,17
2,25/0,5”
V3ilo 5,00000 0.2 0,2965 214 67,3 3,175 159 3,08
5,0/0,25"
VeI 10,0000 0.1 0,1482 428 134,06 3.175 34.3 3,18
10/0,25
15,0000 0,07 0,09882 64,3 2019 3,175 512 3,17

Calculated using sound veloeity ¢: 1482,3 m/s at 20 °C [ref. 4]
D is the diameter of the source transducer, Ais the wavelength of the transmitted signal andfis the diiving
frequency. In kg, ¥ is the wavenumber equal to: 27/ 2, a ig the radius.

23 Tone-burst excitation
Each source transducer has been diiven by a tone-burst signal and receives its own transnutted tfield
after reflection at the stainless steel-water mtertace. To accomplish this, an RF signal has been fed to
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an RF Gated Amplifier (MATEC Model 515A) to generate tone-burst signals, adjustable in duration
by a Gating Modulator (MATEC Model 5100).

To establish a condition for the ultrasonic field which is comparable with a continuous wave
excitation, a ninimum duration of the tone-burst iz required. The minumum duration equals:

. D1
Bl 2 f

m which D 1s the diameter of the source element, A iz the wavelength of the transnutted signal and fis
the driving frequency. From this the actval duration of the tone-buust, 1, has been chosen. The values
for the ditferent frequencies are given in Table 2.

(11)

Table 2. Timing characteristics of the driving signal (nominal values)
Source K =Uf 2 D/ % Min. Tone- Actual Number of
transducer burst Tone-burst periods
duration duration of constant
bprrimy ty exitation
(MHz) (ps) (mm) (s} (1)
V3il4 1.0 1 1.482 126 126 24 20
1.0/0,75"
V306 2.0 0.5 0,7412 17.1 8,6 20 15
2,25/0.5
V310 5.0 0.2 0.2965 214 4.3 8 25
5,0/0,257
V3l 10,0 0.1 0.1482 428 4.3 5 42
10/0.257
15,0 0.07 0.,0988 4.3 4.5 5 60
Calculated using sound velocity ¢: 14823 m/s at 20 °C [ref. 5]
Burst repetition rate : 200 Hz

To be sure that the field 1z not non-linearly distorted 1n the water path, the amphtudes of the derived
pressure levels were kept low. A factor to estimate the amount of non-limear distortion, &y, [ref 4], 18
calculated and results are given m the tables m section 4.1. Additonally the level of the second
harmonic in the received wavetorm relative to the fundamental 18 measured and the result iz given in
section 4.1. Both results give confidence that the wavetorm i not non-linearly distorted. The relatively
ligh level of the second harmonic m the 10 MHz signal is due to a small distortion in the diiving
voltage signal.
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2.4 Reflector

The reflector has been made of a stainless steel rod with a diameter of 60 mum to entirely encompass
the ultrasomc beams rachated by the sowrce transducers. The length of the rod (100 nun) 18 sufficiently
long to prevent that reflections from the rear swface mterfere with those coning from the front. A
maxmmun duration of the tone-burst of approxumately 38 ps 1z allowed to perform proper
measurements. The reflector has the surtace finished to a rouglness within £+ 5 pum.

23 Alignment

Precise posiong and onentation of the sowrce transducer, the reflector and the hydrophone to be
cahbrated 1s a necessity. The source transducer 1z momted m an X, Y, Z positiomng device to direct
the ultrasome beam correctly with respect to the reflector and the hiydrophone. The Z-axis 15 used to
adjust the distance d; between the transducer and the reflector or the hydrophone.

Both the reflector and the hydrophone can be 1otated 1n two perpendicular direchions. To be able to
make small corrections in the position of the hydrophone, the hydrophone support ig additionally
mounted m a second X, Y, 7 positionimg device.

2.6 Water tank

The water tank i which the calibrations take place has a dimension of (hw.1l) 30 x 35 x 80 cm. It is
made from a lugh quahty Perspex. As no distwbing reflections commg from the walls or the water
surtace have been observed, the tank is not aligned with absorbent material. The water is degassed and
deionized and the temperature of the water iz controlled.

2.7 Procedures for the calculation of the hydrophone sensitivity

2.71  Measurement of the required electrical quantities

As discussed m section 2.1 three electical quantities have to be deternmned:

]0(;' )
U

- the transmit cuwrent of the source transducer

oepy - the open-circuit voltage during reception of the tone-buust

Uy the fiee-field hydrophone voltage

In practice these quantities are derived from the measwement of Uy, of the source transducer and by
measuring the current Ly, through the circuit when the source transducer iz replaced or shortened by a
short-cirenit link (“SC” i Figure 1).

The current 1z measured with a Curent probe (HP P6022) to convert the cument signal mto a
proportional voltage signal. The three electrical quantities Iy, Uy and Uy, are measured with a
Digital Phosphor oscilloscope (Tektromx TDS 3032) which performs the peak-to-pealc measurements
of the tone-burst signals.
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2.7.2  Propagation distances

At each frequency pomt of the calibration measwrement the total length of the sound path from the
sowrce transducer back to the ttansducer via the teflector (2d) m Figwe 2) was 1,5 to 2,8 times the
near-field distance N of that particular sowrce transducer.

In this position the propagation distance 2d, 1s adjusted to the desied value by measung the
reflection time 7, on the osalloscope. The propagation distance 24, 1s then equal to:

o 2d =1 ¢ (12)
The normalised distance S equals:

[

i 5

[8
— 13
a; f =

In position 2 in Figure 2 the propagation distance is the length of the sound path between the souice
transducer and the hiydrophone and equals d;. Tlis distance i obtained by adjusting the hydrophone
position such that the propagation tume of the tone burst equals exactly half the valie of 4. The
normalised distance S, representing the distance between the hydrophone and the sowce transducer,

equals: S, ==5 (14)

The nominal valves are given in Table 3.

Table 3. Propagation parameters source transducers (nominal values)
Source i te 2d, Sy 57 G
transducer
(MHz) [153] (mm)
Vil4 1.0/0,75" 1.0 50 118.5 1,183 1.091 0,758
Vioe 2,25/0,57 2.0 70 103.7 2,018 1,009 0,752
V3lo 5.0/0,25" 5.0 54 80,0 2500 1.250 0,760
V312 10/0.257 10.0 100 148.2 1171 1.086 0,758
15,0 140 207,35 2,040 1.020 0,754

Calculated using soundvelocities ¢ at the actual measured water temperature.

2.7.3  Correction factor for the diffraction loss of the source transducer (G1)

In the calculations of the self-reciprocity of the sowrce transducer a cowrection nmst be applied for the
diffraction logs of the transmatted ultrasonic beam. According to [ref 6], a constant correction can be
made despite the vanety of different sowrce transducers with their ka-values of 20 to 200, smce the
normalized distance for the selt-reciprocity of the source transducers is betweenr 15 < §; < 28 In
the present study (7 has been calculated more accurately using the source transducer as transnmtter
and receiver [ref. 7). The results are given in Table 3.
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2.7.4  Correction factor for the averaging effect of the hydrophone (G)

In order to estumate the presswre averaged over the active swface of the hydrophone, the actual
effective radius b of the hydrophone has to be known The effective radn as given by NPL for two
petpendicular divections are averaged and used in the calculation of the cowection factor for the
averaging, effect of the hydrophone (G5).

Table 4. Effective radius of the hydrophone (nominal: 0,5 min)
i IP0O27 IP039
(MHz) (mm) (1)
direction A direction B average direction A direction B average
1.0 0,91 0,936 0,923 128 128 1,280
2.0 0,556 0,573 0.5645 0,662 0,693 0,6775
5.0 0,502 0,512 0,507 0.507 0,582 0,5445
10,0 0,502 0,508 0,505 0.498 0,515 0,5065
15,0 0,499 0,499 0,499 0,494 0,504 0,499
Note: direction B is perpendicular to direction A No uncertamties of the NPL values were given, but due to
averaging an additional uncertainty has been talien mto account.

A correction 1g necessary to take account of the diffraction loss of the transmitted ultrasonic field of
the source transducer with regard to the size and pogition of the Liydrophone. The factor G is used to
calculate the pressuwre amphiude averaged over the effective area of the hydrophone m the acoustic
field of the sowrce transchicer. G5 is a function of the ratio of the effective radius of the hydiophone to
the radiug of the source transducer and the normalised distance between the source transducer and the
hiydrophone duing calibration: G = f{(b/ay, S;). The values of ; as used i the present calibration are

. . . PO, . b
obtained by interpolating the data given in [ref. 7] for the acoustic parameters ¢ = 32- — and S5.
a
1
Asg Sy 1s slightly temperature dependent Gy has been calculated for each indivicual measurement. Table
5 preszents the nominal values obtamed for G,.

Table 5. Spatial averaging corrections for the hydrophones: G» (nominal values)
f S Hydrophone: IP027 Hydrophone: IP039
ly drophone hydrophone
radis & =32k & rads b | =320/ &)
(MHz) (mm) {mm)
1.0 1,091 0,923 3,293 1,943 1,28 4,566 1,907
2.0 1,009 0,5645 2,928 1,965 0,6775 3,514 1,950
5.0 1,250 0.507 5,268 1.822 0,5445 5,567 1.811
10,0 1,086 0,505 5,082 1,890 0,5065 5,097 1,890
15.0 1,020 0.499 5,037 1.897 0.499 5.037 1.897
Calculated vsing sound velocities ¢ at the actual measured water temperature.
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2.7.5  The measured and open-circuit hydrophone sensitivity

All measurements are carned out including the pre-amplifier supplied by NPL (senal-no: 56055). To
calculate the open-circuit sensitivity of the hivdrophone alone, the following, expression is used:

-k (13)

in which:

M, open-circuit sensitivity of the hydrophone alone

M, sensitivity of the hydrophone mcluding the pre-amplifier
G gain of the pre-amplifier

Ik, open-cireuit correction factor ag given by NPL

The gain of the pre-amplifier 1z deternmned separately using the schematic diagram given m Figure 2.
The set-up 1¢ 1dentical to the set-up for the hydrophone calibration including the output voltage level.
The calibrations of the pre-amplifier have been performed three times. The are given i Table 6.

Synth. Only BNC connectors
Generator >
HP 3336C

50 02
bp

(0 0\‘ low-noise cable0.43 m| Hydrophone
Ch 3 ] ) -

1 2 _
Scope U Pre-Amplifier
Tel TDS 00
3032 Ch cal

Figure 2. Schematic diagram of the pre-amplifier calibration set-up.

Table 6. Gain G of pre-amplifier serial number 56455

Frequency (MHz)
1 2 5 10 15
Amplitier gam 6,5678 6,5572 6. 4697 60822 54482
Standard 0,0043 0,0050 0,0131 0,0047 0.0031
deviation
Output voltage 176.3 132.0 130.1 122.9 55,8
level (V)

The ambient temperature during all measurements, mcluding hydrophone calibration: 20+ 1°C
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NPL and given i Table 7.
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Table 7. Open-circuit correction factors, provided by NPL

Hydrophone Frequency (MHz)
cerial number o . . - -
1P027 1.0526 1.0573 1,0573 1,0589 1.0587
IP039 1,0582 1.0633 1,0625 1,0640 1,0639
2.8 Conditions during the calibration process

2.8.1  Preparation of the water

The water in wiich the measurements have been cammed out 1s prepared to obtan a low gas content
and a low electrical conductivity. Distilled water i1z degassed by exposing it to an ambient pressure of
about 25 kPa for at least 16 hours. Just before use the water iz fed through a de-ioniser to minimise the
electrical conductivity. The water in the measurement tank iz refreshed prior to the start of the
Liydrophone calibration sequence of that day. It was found not to be necessary to refresh the water after
the first hiydrophone was calibrated.

A Conductance Meter (Y'SI Model 32) measues the electrical conductivity. During the liydrophone
cahibration process values below 2 nS/cim are measured.

The gas content iz measwed periodically using a Dissolved Oxygen meter (YSI Model 57). Mostly
values between 3 to 4,5 mg/l dissolved oxygen are measured.

2.82  Temperature of the water

The temperature of the water iz controlled by an automatic heat source which heats the water
homogeneously to a nominal temperature of 20 °C. During the calibration measurements this device
18 switched off. During the entire hydrophone calibration process the water temperahure 18 measured
with a temperatire meter (TEMPCONTRCL, type 1411} and kept constant to 20,2 + 0,5 °C.

2.83  Time sequence of the measurements

A single calibration of both hydrophones, comsisting of a set of 3 consecutive calibrations at
frequencies of 1, 2, 5, 10 and 15 MHz, 1s performed m one day. In between these consecutive
cahbrations the reflector and hydrophone are aligned agam. The paticular hydrophone to start wath
was switched each day. Although the dissolved oxygen content did not vary nch over a day it was
decided to start the sequence with the calibration at a frequency of 15 MHz and continue respectively
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with 10, 5, 2, and 1 MHz. After changmg the hydrophone the calibration was started again at 15 MHz.
The complete calibration of each hydrophone consists of 4 independent single calibration sequences.

2.8.4  Soaking of the hydrophone

Befare the calibration process starts, the hydrophone to be calibrated iz immersed m the freshly
degassed water for at least 1 hour.

During the calibration process the connection cable of the hydrophone is kept in the water to a length
of approximately 10 cim.

2.8.5  Soaking of the source transducers

Before the calibration process staits, the sowrce transducers are nmmersed m dishlled water at an
ambient temperature of 20 + 1 °C for at least 1 hour.

2.8.6  Electrical shielding

Some additional protective sluelding 1z applied to eluninate direct electiical mterference with the
source transducer voltage probe and with environmental ligh frequency radiation The entire applied
part of the source transchucer is shielded.

All metal parts coming into contact with the water are connected with a relative thick Litze to a central
protective earthing point. The earthing pin of the hydrophone i not used.
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3 Uncertainties
31 Estimation of the Type B (systematic) standard uncertainties

The total Type B standard uncertamty m A 18 estimated by considenmg the systematic mcertamty
contributions of each component m the expression of the open-circut hydrophone sensitivity Mj:

U, 2. 1

e (5 R = —

;Ifn—ﬁ-r?- p-{“-F\/]_-”I(jl-F-(J-ﬁC
T k) ’ -2

Factor: A B C D E F G H

- Factor A: Flectrical quantities. Calibrations of the electiical quantihies are performed m the same

confignration as for the liydrophone calibrations.

¢ The curtent Iy, 1s calibrated including the transfer of the curent-probe P6022 m connection with
the reacing of Ch 1 of the TEK TDS 3032 oscilloscope and the switch in position

¢ The voltage Uy, 15 calibrated mcluding the attenmation of the probe i connection with the
reading of Ch.2 of the TEK TDS 3032 oscilloscope;

¢ The reading of U7, 1= calibrated with Ch 1 of the TEK TDS 3032 oscilloscope directly conected
with the switch in posihon 173

The results of these calibrations are used to correct the measmed values of Ly, Usgy and Uz, and to

estimate the residual mcertamty. The calibraions are performed at the frequencies and settings of the

oscilloscope 1dentical to those during the hydrophone calibration process.

The uncertainty of each individual quantity i determined to be 0,6% for all frequencies.

Although some of the uncertainties may cancel out, an mmpedance mncertainty (0,5 % tfor each 50 O

impedance) remains. The uncertainty for the expression in factor A i estimated to be: 1%.

- Factor B: Effective radius of the source transducer. The uncertamty in the experimentally
determined value of the effective radius 13 baged on:

o effects of the variation in the measurement distance on the calculated radivs and

o half the maxumun deviation of the above value from the physical radius.
The wncertainty is estimated to be: 2%

- Factor C: Due to pe. As pe 18 caleulated taking the actual temperature into account the uncertainty
1s small. The uncertamty 1s estiumated to be 0,1 %o,

- Factor D: Reflection coefficient. The value of the reflection coefficient is stated in IEC 60866 (ref
2) with an unspecified uncertainty. Due to the notation of 4 significant figures of \/I_ the mncertainty

1s small and for the purpose of the total estunation neglected.

- Factor E: Diffraction loss of the source transducer. By varving the distance used m the
calculation of ; and using the results given 1 [ref. 6] and [ref 7] the uncertamty of factor E 18
estimated to be 2,5 %
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- Factor F: Averaging effect of the hydrophone. Az mentioned before the correction factors G, are
obtamed by mterpolation of the table givenn [ref. 7] for the acoustic parameters ¢ and S;. Given the
uncertainties in the source radius a and the hydrophone radivs b the uncertainty i ¢ will be maximal
0,5%. The contribution of this to the uncertainty of G; will be negligible. The uncertainty of Gy is
mainly caused by the acoustic parameter S, equal to:

7(%*/171'_1 :

(&

JSr
: al a f

The uncertamnty in S; depends heavily on the propagation time 4 of the tone-bust signal from the
sowce transducer to the hydrophone and on the accuracy of the effective radms a of the source
transchicer. The uncertainty in # is determined to be 0,5 %. The uncertainty m « is estunated to be 2 %o.
The resulting uncertamty in S; 1 then 4 %o.

Ag the vanation 1 G5 does not vary hnealy with vanations m S the uncertamty contnibutions due to
(7, are calculated mdividually for each situation 1 the liydrophone calibration process.

Although the wncertainty in G; then varies from 0,1% to 1,3 % an additional wnecertainty i the
thearetical estunation of 5 15 taken mto account. As a result a contribution of 4,0 %o 1s taken.

- Factor G: Gain of the pre-amplifier. As the measwement of the gam 1s a relative measwement, its
uncertamty 18 based on the accuracy of the readng and differences m load mmpedances. The
uncettainty is estimated to be 0,3%.

- Factor H: Open-dircuit correction factor. The open-circuit comection factors are submutted by
NPL and are considered as values with a neghgible uncertamty.

- Frequency dependence: The behaviowr of the sowce transducer, the hydrophone and some
quantities, are frequency dependent. The duving fiequency 1s accurate and stable within 0,01%. Thus
1 negligible, o no uncertamty i added to the list.

Table 8. List of Type B (systematic) relative standard uncertainties (u;)
Source of measurement uncertainty Distr. | Coverage | Value | Relative standard
factor uncertainty
k % %

- Factor A: Electrical quantities. rect. 1.73 1.0 0,578
- Factor B: Effective radius of the source transducer. norm 1,96 2.0 1,020
- Factor C: Due to pe nori 1,96 0,1 0,051
- Factor D: Reflection coefficient. negl
- Factor E: Diffraction loss of the source transducer. rect. 1,73 2,5 145
- Factor F: Averaging effect of the hydrophone. rect. 1,73 4.0 231
- Factor G: Gain of the pre-amplifier. rect. 1.73 0.3 0,173
- Factor H: Open-circuit correction factor. negl

Total type B (systematic) standard uncertainty | | | | 297
Value means: for arectangular distribution the half width of the distribution

for a normal distribution the uncertainty corresponding to a 95% confidence mnterval

The total standard uncertamty is calculated as:  Tora! 1, =
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32 Type A standard uncertainty

The Type A standard wncertainties as a vesult of the contribution of random components are given in
the Sununary Sheets 1 and 2 m Section 4.3.

33 Expanded uncertainty

The combined standard wmcertamty, #,, 1¢ calculated by combuing the Type A, referred to as 1, and
Type B, referred to as s, standard uncertainties according to the procediues given in [ref 8]
following:

N
i, = Gfuy +atg

Finally, the expanded uncertamty iz calculated vsing a coverage factor k=2
U=2.u

4

Which corresponds to a 95% level of confidence if the end results are normally distributed.
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4 Results

The results are presented n 3 types of tables.

The tables in section 4.1 present the basic information used for the calculation of the hydrophone
sensitivity including the pre-amplifier.

The tables m section 4.2 present the calibration repart sheets in the layout as given in the protocol
(ref. 1).

The summary sheets in section 4.3 present the Mean open circuit sensitivity of the hvdrophones
icluding the uncertamty figres n the layout as given m the protocol (ref. 1).
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4.1 Measured quantities

41.1  Measured quantities with hydrophone IP027

Table 9. Measured values with hydrophone IP027
Source Tranzducer Hydrophone Pre-amplifier
Freq. | Ligpm | Uipp Pp Upp M G L, My 6" | Zggharm| Date

(MHz) | (mA) | (mV) (kPa) | (mV) | (W/Pa) (nV/Pa) -dB

1.00000 | 4847 35464 8182 | 15937 | 09739 6,568 1.0526 156.1 002 43 26-1-00
488.1 36539 8335 | 160.83 | 09649 154.6 27-1-00
486.7 3862.1 85,50 | 165,90 | 09692 1553 28-1-00
4850 39057 8591 | 165,57 | 09636 154.4 1-2-00

mean: 4860 | 37420 | 8417 | 1629 | 09679 155.1

2,00000 | 4194 12483 66,60 | 135,08 | 10128 6,557 10573 1633 0,04 38 26-1-00
4264 12180 6643 | 135,01 10162 1639 27-1-00
4194 1193.0 65,18 | 132,08 | 1.0131 1634 28-1-00
4144 1196.0 6487 | 131,55 1.0140 1635 1-2-00

mean: 4199 | 12138 | 6579 | 13343 | 1.0140 163.5

5.00000 | 2142 45046 5289 | 10976 | 1.0375 6.460 10573 1698 0.06 nim 26-1-00
2100 450,80 5238 | 107.79 | 1.0290 168.4 27-1-00
204.7 471.88 5292 | 109,29 | 10326 1690 28-1-00
206.5 416.99 4096 | 103,82 | 1.0391 170.1 1-2-00

mear: 2088 | #4753 | 5204 | 107,66 | 1.0346 169,3

10,0000 | 5484 160,55 5081 | 10495 10328 6,082 10589 1798 0,23 24 26-1-00
544.0 160.84 50,69 | 10515 | 1.0372 130.6 27-100
5409 15989 5038 | 104,35 1.0357 1803 28-1-00
536.2 158,57 4094 | 103,68 | 1.0381 1807 1-2-00

mean: 424 | 15996 | 5045 | 104,53 | 10350 180.4

15,0000 | 4503 36,19 22,07 5067 1.1481 5448 10587 2231 0,21 41 26-1-00
4507 3741 2246 5191 11555 224.5 27-1-00
M43 36,13 2192 5061 11542 2243 28-1-00
456.2 36,89 2243 5201 11593 2253 1-2-00

mean: 4505 | 3665 | 2222 | 5130 | 11543 2243

1) rough estimate, see page 11
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41.2  Measured quantities with hydrophone IP039

Table 10. Measured values with hydrophone IF039

Source Transducer Hydrophone Pre-amplifier
Freq. | kem | Ulpn Pe Uppy M G ke My O D 2pgharm | Date
(MHz) | (mA) | (mV) (kPa) | (mV) | (1V/Pa) (n'V/Pa) -dB
100000 | 45817 3875.5 83,71 | 17497 | 1.0451 6,568 10582 168.4 002 43 28-1-00
4837 37278 82,25 | 170,90 | 1.0389 1674 26-1-00
4864 3734.5 82,57 | 17147 | 1.0383 1673 27-1-00
4014 38084 8382 | 17430 | 1.0397 1675 1-2-00
mear: 4858 | 37865 | 8300 | 17291 | 10405 167,6

200000 | 4171 | 12139 | 6504 | 13861 | 1065 | 6337 | 10633 | 1728 | 004 38 24-1-00
4184 | 12018 | 6483 | 13821 | 1.0660 172.0 26-1-00
4198 | 11745 | 6421 | 13748 | 1.0706 173.6 271400
4244 | 12342 | 6618 | 14181 | 10713 173.7 1-2-00

mean: 4199 12061 | 65.06 | 139,02 | 10684 173,2

500000 | 2016 430,72 | 4988 | 10797 | 1.0824 6.460 1.0625 178.0 0.06 nm 24-1-00

2020 | 41741 | 4013 | 10547 | 10735 176.6 26-1-00
2072 | 45080 | 51,72 | 11036 | 1.0668 1755 27100
2059 | 41147 | 4925 | 106,69 | 1.0833 1782 1-2-00

mean: 2041 | 42760 | 4999 | 107,62 | 10765 1771

10,0000 | 5309 | 16167 | 5059 | 106,58 | 10534 | 6082 | 10640 | 1843 | 023 24 24-100
450 | 16246 | 5096 | 108,28 | 10624 1850 26-1-00
409 | 16002 | 5037 | 107,35 | 1.06% 186.4 27-100
5366 | 15962 | 5010 | 10685 | 10662 1865 1-2-00

meanx 406 | 16094 | 5051 | 10726 | 1.0619 1858

150000 | 4531 | 3683 | 2234 | 5354 | 11986 | 5448 | 10639 | 2311 | 021 41 28-1-00
4558 | 35,74 | 2207 | 5164 | 11700 2285 26-1-00
Mo | 3683 | 2226 | 5314 | 11939 2332 27-1-00
4565 | 3705 | 2252 | 414 | 12020 2347 1-2-00
meanx 4538 | 36,64 | 2230 | 5312 | 1091 232,6

1) rough estimate, see page 11
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4.2 Calibration report sheets

42.1  Calibration report sheet 1

20 March 2000

Tnstitution: TNO Prevention and Health

Calibration method: Reciprocity method

Date(g) of calibrationg: 26 Jaway — 1 February

Hydrophone serial number: IP027

Nomunal trequency (MHz): 1.0

Measurement number 1 2 3 4
Actual frequency (MHz) 1.00000 1.00000 1.00000 1.00000
Temperature, T (°C) 1980 20,46 20,19 20,01
Open-circuit correction 1,0526 1,0526 1,0526 1,0526
Water conductivity (J1S) 0.5 1.0 0,5 14
Oxygen content (mg/1) 4.5 3.6 4.5 4.2

Amplifier gain (dB) 6,568 £ 0,0043| 6,568 £ 0.0043| 6,568 £0,0043] 6.568 £+ 0,0043
Measured sengitivity (n'V/Pa) 973.9 964.9 969.2 963.6
Open circuit sensitivity at T (n'V/Pa) 156.1 154,6 155.3 154.4
Date of calibration 26-01-00 27-01-00 28-01-00 01-02-00

Notes:
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42.2  Calibration report sheet 2

Institution: TNO Prevention and Health Calibration method: Reciprocity method
Date(s) of calibrations: 26 Jamuary — 1 February Hydrophone serial number: IP027

Nominal frequency (MHz): 2.0

Measurement number 1 2 3 4
Actual frequency (MHz) 200000 2,00000 2,00000 2,00000
Temperature, T (°C) 19.80 20,50 20,20 20,02
Open-circuit correction 10573 10573 10573 10573
Water conductivity (S) 0.5 L0 0,5 1.4
Oxygen content (mg/l) 4.5 3.6 4.5 4.2
Amplifier gain (dB) 6,557 £ 0,0050( 6,557 + 0,0050| 6,557 £0,0050| 6,557 + 0,0050)
Measured sensitivity (nV/Pa) 10128 1016.2 1013.1 10140
Open circuit sensitivity at T (n'V/Pa) 163.3 163.9 163.4 1635
Date of calibration 26-01-00 27-01-00 28-01-00 01-02-00
Notes:
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42.3  Calibration report sheet 3

Institution: TNO Prevention and Health Calibration method: Reciprocity method

Date(s) of calibrations: 26 Jamary — 1 February

Hvdrophone serial number: TP027

Noununal trequency (MHz): 5.0

Measurement number 1 2 3 4
Actual frequency (MHz) 5.00000 5.00000 5.00000 5.00000
Temperature, T (°C) 19.85 20,56 20,23 20,03
Open-circuit correction 1.,0573 1,0573 1,0573 1,0573
Water conductivity (S) 0.5 L0 0,5 1.4
Oxygen content (mg/l) 4.4 3.5 44 4.1

Amplifier gain (dB)

6,460 + 0,0131

6,460+ 0,0131

6,460 £0,0131

6,460+ 0,0131

Measured sensitivity (nV/Pa) 1037.5 10290 10326 1039,1
Open cwrcwt sensitivity at T (nV/Pa) 169.8 168.4 1690 170.1
Date of calibration 26-01-00 27-01-00 28-01-00 01-02-00

Notes:
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42.4  Calibration report sheet 4

Institution: TNO Prevention and Health Calibration method: Reciprocity method

Date(s) of calibrations: 26 Jamuary — 1 February

Hvdrophone serial number: TP027

Nominal frequency (MHz): 10.0

Measurement number 1 2 3 4
Actual frequency (MHz) 10,0000 10,0000 10,0000 10,0000
Temperature, T (°C) 19.85 20,04 20,25 20,04
Open-circuit correction 10589 10589 1,0589 1,0589
Water conductivity (S) 0.5 L0 0,5 1.4
Oxygen content (mg/l) 4.3 34 4.3 4.0
Amplifier gain (dB) 6,082 £ 0,0047| 6,082 + 0,0047| 6,082 £0,0047| 6,082 + 0,0047]
Measured sensitivity (nV/Pa) 10328 1037.2 10357 1038,1
Open circuit sensitivity at T (n'V/Pa) 179.8 180.6 180.3 180.7
Date of calibration 26-01-00 27-01-00 28-01-00 01-02-00
Notes:
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4.2.5  Calibration report sheet 5

Institution: TNO Prevention and Health Calibration method: Reciprocity method
Date(s) of calibrations: 26 Jamary — 1 February Hydrophone serial number: IP027

Nomunal trequency (MHz): 15.0

Measurement number 1 2 3 4
Actual frequency (MHz) 15,0000 15,0000 15,0000 15.0000
Temperature, T (°C) 19.90 20,61 20.27 20,07
Open-circuit correction 1,0587 1,0587 1,0587 1,0587
Water conductivity (S) 0.5 L0 0,5 1.4
Oxygen content (mg/l) 4.3 34 4.2 3.9
Amplitier gamn (dB) 5.8+ 0,003 5448+ 00031 5448 +0,0031| 5448 + 0,0031
Measured sensitivity (nV/Pa) 1148.1 11555 11542 1159.3
Open cwrcwt sensitivity at T (nV/Pa) 223.1 2245 2243 2253
Date of calibration 26-01-00 27-01-00 28-01-00 01-02-00
Notes:
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42.6  Calibration report sheet 6

Institution: TNO Prevention and Health Calibration method: Reciprocity method

Date(s) of calibrations: 26 Jamary — 1 February

Hvdrophone serial number: TP039

Noununal trequency (MHz): 1.0

Measurement number 1 2 3 4
Actual frequency (MHz) 1.00000 1.00000 1.00000 1.00000
Temperature, T (°C) 19.90 20,13 19,86 20,19
Open-circuit correction 1,0582 1,0582 1,0582 1,0582
Water conductivity (S) 0.5 L0 0,5 1.4
Oxygen content (mg/l) 4.2 4.2 3.9 3.8

Amplifier gain (dB)

6,568 + 0,0043

6,568 + 0,0043

6,568 £0,0043

6,568 +£ 0,0043

Measured sensitivity (nV/Pa) 1038.9 10383 1045.1 1039,7
Open cwrcwt sensitivity at T (nV/Pa) 1674 167.3 1684 167.5
Date of calibration 26-01-00 27-01-00 28-01-00 01-02-00

Notes:
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4.2.7  Calibration report sheet 7

Institution: TNO Prevention and Health Calibration method: Reciprocity method
Date(s) of calibrations: 24 Jamuary — 1 February Hydrophone serial number: IP039

Noununal trequency (MHz): 2.0

Measurement number 1 2 3 4
Actual frequency (MHz) 2.00000 2.00000 2.00000 2.00000
Temperature, T (°C) 19.70 19.90 20,18 20,19
Open-circuit correction 1.0633 1,0633 1,0633 1,0633
Water conductivity (S) Lo 0.3 1.0 1.4
Oxygen content (mg/l) 39 4.2 4.1 3.8
Amplitier gamn (dB) 6,557 + 0,0050| 6,557+ 0,0050( 6,557 £ 0,0050| 6,557 £ 0,0050)
Measured sensitivity (nV/Pa) 1065.6 1066,0 1070,6 1071,3
Open cwrcwt sensitivity at T (nV/Pa) 1728 1729 1736 1737
Date of calibration 24-01-00 26-01-00 27-01-00 01-02-00
Notes:
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42.8  Calibration report sheet 8

Institution: TNO Prevention and Health Calibration method: Reciprocity method

Date(s) of calibrations: 24 Jamuary — 1 February

Hvdrophone serial number: TP039

Noununal trequency (MHz): 5.0

Measurement number 1 2 3 4
Actual frequency (MHz) 5.00000 5.00000 5.00000 5.00000
Temperature, T (°C) 19.80 19.97 20,20 20,22
Open-circuit correction 1.0625 1,0625 1,0625 1,0625
Water conductivity (S) Lo 0.3 1.0 1.4
Oxygen content (mg/l) 39 4.0 4.0 3.6

Amplifier gain (dB)

6,460 + 0,0131

6,460+ 0,0131

6,460 £0,0131

6,460+ 0,0131

Measured sensitivity (nV/Pa) 10824 1073.5 1066,8 1083,3
Open cwrcwt sensitivity at T (nV/Pa) 178.0 176.6 1755 1782
Date of calibration 24-01-00 26-01-00 27-01-00 01-02-00

Notes:
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42.9  Calibration report sheet 9

Institution: TNO Prevention and Health Calibration method: Reciprocity method
Date(s) of calibrations: 24 Jamuary — 1 February Hydrophone serial number: IP039

Nonunal trequency (MHz): 10.0

Measurement number 1 2 3 4
Actual frequency (MHz) 10,0000 10,0000 10,0000 10.0000
Temperature, T (°C) 19.84 19.97 20,23 20,24
Open-circuit correction 1.0640 1,0640 1,0640 1,0640
Water conductivity (S) Lo 0.3 1.0 1.4
Oxygen content (mg/l) 38 3.6 3.9 3.6
Amplitier gamn (dB) 6,082 + 0,0047| 6,082 + 0,0047| 6,082 +0,0047) 6,082 + 0,0047
Measured sensitivity (nV/Pa) 10534 10624 1065.6 1066,2
Open cwrcwt sensitivity at T (nV/Pa) 184.3 1859 186.4 186,5
Date of calibration 24-01-00 26-01-00 27-01-00 01-02-00
Notes:
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4.2.10 Calibration report sheet 10

Institution: TNO Prevention and Health Calibration method: Reciprocity method
Date(s) of calibrations: 26 Jamary — 1 February Hydrophone serial number: IP039

Nomunal trequency (MHz): 15.0

Meagurement munber 1 2 3 4
Actual frequency (MHz) 15,0000 15,0000 15,0000 15,0000
Temperature, T (°C) 20,03 20,28 20.11 20,28
Open-circuit corection 1.0639 1.0639 1.0639 1,0639
Water conductivity (1S) 0.5 1.0 0,5 14
Oxygen content (mg/l) 3.5 3.8 4.5 3.5
Amplifier gain (dB) S48 £ 0,0031] 5448 £0,0031| 5448 £0,0031| 5,448 + 0,0031
Measured sensitivity (n'V/Pa) 11700 11939 1198.6 1202,0
Open circuit sensitivity at T (nV/Pa) 2285 2332 234.1 234.7
Date of calibration 26-01-00 217-01-00 18-01-00 01-02-00
Notes:
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4.3 Summary sheets

43.1  Summary sheet 1

20 March 2000

Tnstitution: TNO Prevention and Health

Calibration method: Reciprocity method

Date(s) of calibrations: 26 January — 1 February

Hydrophoune serialnumber: TP027

Nominal frequency (MHz) 1 2 5 10 15
Actual frequency (MHz) 100000 2,00000 5,00000 10,0000 15,0000
Mean open circuit sensitivity at T °C @wV/Pa) 1551 163.5 1693 15804 2243
Type A standard uncertamty (%o) 048 0,15 045 022 040
Type B standard uncertainty (%) 297 2,97 297 297 2,97
Expanded uncertainty (%o) 6.0 5.9 6.0 5.9 6,0

4.3.2 Summary sheet 2

Tnstitution: TNO Prevention and Health

Calibration method: Reciprocity method

Date(s) of calibrations: 26 January — 1 February

Hydrophone serialnumber: TP039

Nominal frequency (MHz) 1 2 5 10 15
Actual frequency (MHz) 1,00000 2,00000 5,00000 10,0000 15,0000
Mean open circuit sensitivity at T °C (0 V/Pa) 167.6 173.2 177.1 1858 2326
Type A standard uncertamty (%o) 0.30 0,28 0,73 0,56 121
Type B standard uncertainty (%) 297 2,97 2,97 297 2,97
Expanded uncertainty (%) 6,0 5,9 6,1 6,0 6,4
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TNO Prevention and Health

Return address: P.O. Box, 2301 CE Leiden, The N etherlands

National Physical Laboratory

Centre for Mechanical and Acoustical Metrology
attn. Nigel Lee

Quesnsroad

TW11 OLW Teddington

UK

TW110LW

Dear Nigel,

As promised we have performed a re-calibration at 10 and 15 MHz for the IP27
hydrophone. As discussed earlier, we suspected the source transducer (Panametrics
V312) not to behave well. (We have repeated the measurements using this V312: the
result was within 2% of our previous values). Then we characterised the source for its
beam behaviour: it had an asymmetric dip. So we ordered two replacements:
Panametrics V312 and V313). Although we did perform beam characterisations for
these sources we did use as effective radius the nominal value (3,175 mmy). As limited

measurements were perfonmed now the uncertainty did increase somewhat. The pre-amyp

used was a sinilar type of Marconi that you had provided in the project.
I am much more pleased with the results now.
I hope it is possible to add these results somehow in your report.

Kind regards,

R.T. Hekkenberg
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1.1.1 Calibration report sheet 4A

NPL Report DQL-AC RES 013

Institution: TNO Prevention and Health

Calibration method: Reciprocity method

Re-calibration using new source transducers

Date(s) of calibrations: 03 April — 5 April

Hydrophone serial number: TP027

Nominal frequency (MHz): 10.0

Measurement number 1 2 3
Actual frequency (MHz) 10,0000 10,0000 10,0000
Temperature, T (°C) 21,2 20,9 20,6
Open-circuit correction 1.0567 1.0567 1.0567
Water conductivity (uS) nm nm nm
Oxygen content (mg/l) (about) 6 6 6
Amplifier gain 6,0643 6.0643 6.0043
Measurad sensitivity (nV/Pa) 11814 1185.2 1213.5
Open circuit sensitivity at T (nV/Pa) 2059 206,5 2114
Date of calibration 03-04-02 04-04-02 05-04-02
Notes: Usad source Panasonic Panasonic Panasonic
V312 V312 V312
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Date

R April 2002

Our reference
PGTHOL.313vhg

Page
1.1.2 Calibration report sheet SB 3/4
Institution: TNO Prevention and Health Calibration method: Reciprocity method

Re-calibration using new source transducers

Date(s) of calibrations: 03 April — 5 April Hydrophone serial number: 1P027

Nominal frequency (MHz): 15.0

Measurement number 1 2 3
Actual frequency (MHz) 15,0000 15,0000 15,0000
Temperature, T (°C) 21.0 21.0 20,5
Open-circuit correction 10554 1.0554 1.0554
Water conductivity (uS) n.m n.m n.m
Oxygen content (mg/l) (about) 6 6 6
Amplifier gain 5.3815 53815 5.3815
Measured sensitivity (nV/Pa) 12152 12082 12120
Open circuit sensitivity at T (nV/Pa) 2383 237.0 2377
Date of calibration 04-04-02 04-04-02 05-04-02
Notes: Used source Panasonic Panasonic Panasonic
7313 7313 V313
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1.2 Summary sheets

121 Summary sheet 1

Institution: TNO Prevention and Health Calibration method: Reciprocity method
Date(s) of calibrations: 26 January — 1 February Hydrophone serial number: TP027
Nonunal frequency (MHz) 10 15
Actual frequency (MHz) 10,0000 15,0000
Mean open circuit sensitivity at T °C 207.8 2377
(nV/Pa)

Type A standard uncertainty (%o) 1.30 0.42
Type B standard uncertamty (%a) 3.5 3.50
Expanded uncertainty (%) 7.5 7.1
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August 1999

Comparison of 1 mm hydrophone calibrations
in the frequency range 1 to 15 MHz

Nigel Lee, Stephen Robinson and Bajram Zeqiri

Centre for Mechanical and Acoustical Metrology
National Physical Laboratory
Teddington, Middlesex
United Kingdom, TW11 OLW

ABSTRACT

This report describes work undertaken under Milestone (a) of deliverable 4.1.5.1. of the NMS
Acoustical Metrology Programme 1998-2001. Under this Milestone, absolute calibrations of
two membrane hydrophones used for the BIPM/CIPM key comparison CCAUV-U-K2
(Hydrophone free-field open-circuit sensitivity - Megahertz frequency range) have been

completed.
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1 INTRODUCTION

This report describes the absolute calibrations of two membrane hydrophones used for the
BIPM/CIPM Key Comparison CCAUV-U-K2 (Hydrophone free-field open-circuit sensitivity -
Megahertz frequency range). The key comparison involved five laboratories with NPL acting as
the coordinating laboratory. As well as organising the key comparison NPL performed reference
calibrations as a participant within the key comparison and this report describes the calibrations

carried out at NPL.

2 CALIBRATION BY OPTICAL INTERFEROMETRY

2.1 CALIBRATION METHOD

Primary calibration of hydrophones for frequencies greater than 500 kHz is achieved using
the NPL laser interferometer. In this method, an ultrasonic transducer produces an acoustic
field that is detected by a thin plastic membrane (the pellicle), which is 3.5 or 5 um thick and
coated on one side with 25 nm of gold. The pellicle reflects the optical beam but is effectively
transparent to the acoustic beam so that it follows the motion of the wave. The displacement
of the pellicle is determined using a specially-designed Michelson interferometer, the output

of which, V', varies with displacement, a, according to the following relationship [1]:

V,=V,sin(4zpuall) [1]

where A is the optical wavelength, V) is the reference voltage corresponding to the amplitude
of the output signal when the displacement exceeds A/2, and p is the refractive index of the
medium. For small ultrasonic amplitudes (less than 5 nm), the output can be assumed to vary
linearly with displacement (sin(0) = 0 for small 0). Assuming plane-wave conditions, the
acoustic pressure in the field may be calculated from the measured displacement by
multiplying by the angular frequency, water density and speed of sound. The hydrophone is
then substituted for the pellicle with the acoustic centre placed at the same point in the field

that has been interrogated by the interferometer. The hydrophone output voltage, Vi ,
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corresponding to the known acoustic pressure is then measured, and the hydrophone

sensitivity, My, derived using the expression:

VgV,
My =T 2 [2]
; pcfi

where p is the water density, c is the speed of sound and f'is the acoustic frequency.

Figure 1 shows a schematic diagram of the interferometer, the design being based on the
original work of Drain, Speake and Moss [2], and subsequently refined by NPL [3]. The
output of a 5 mW HeNe laser is split into the reference and signal beams by use of an electro-
optic Pockels cell and a polarising beam splitter. The reference beam is turned back on its
original path by use of the corner-cube reflector and the calcite prism, whereas the signal
beam is reflected from the pellicle which follows the motion of the ultrasonic wave. The
beams are recombined at the avalanche photodiode detectors and the difference in optical
phase is detected by the interferometer circuitry. A number of quarter wave plates are used to
effect necessary changes in polarisation and prevent light returning to the laser. A second
polarising beam splitter at 45° permits interference between the signal and reference beams,
providing two interference signals which differ in phase by n. The interferometer output is
obtained by taking the difference between these signals, enabling common-mode rejection of
fluctuations in light level occurring in both beams due to changes in laser power. A beam
displacer (a rotatable glass block) and a translatable lens allow the positioning and focusing
of the signal beam on the pellicle so that it may be aligned with the acoustic centre of the
hydrophone. The acoustic source transducer (a plane-piston) is driven by tone-burst signals
and time-windowing and gating techniques employed to isolate boundary reflections,
enabling measurements to be made at frequencies from 200 kHz to 20 MHz in the

1.0 x 0.4 x 0.4 m tank.

The interferometer is mounted on an optical table that is supported by air-operated anti-vibration
mounts. However, even with this arrangement, environmental vibration still causes movements
of the pellicle which although lower in frequency are much greater in amplitude than the
ultrasonic displacement. This introduces changes of optical phase into the signal beam and
generates spurious output signals in the interferometer. This problem is overcome by using a
feedback system that compensates for the vibration by introducing equal phase changes to the

reference beam by means of the Pockels cell. The feedback circuitry is designed to respond only
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to low frequency signals so that the ultrasonic displacement may still be detected at the
interferometer output. The feedback circuit is adjusted to ensure that the interferometer is

balanced in its most sensitive mode, where the output is linear for small displacements.

Calcite Reterence
prism hedm Hydrophone
Corner-cube e — { or pellicle
reflector
i Beam
W4 WMLOTTT Wi displacer -
~ 1 Pockels -
Lager o - cell o ” E S |_71 ﬂ o
CNT unit I MFll I L
algrisin —  Transducer
T T Yoeom s Iigiter\’
Aperture p o . o
N {translatable) |
Output --— POCZfilierce” Polarising beam Water tank
splitter fat 457)

Amplitier  —kK}—
Avalanche
photo diedes

Figure 1: Schematic diagram of the NPL laser interferometer.

The reference voltage, V), provides a calibration of the interferometer which is necessary
since the output depends on the intensity of light in the signal beam, which can vary if the
pellicle moves due to environmental vibration in a direction perpendicular to the laser beam.
It is desirable to measure both V) and V; at the same instant, but in practice V) is measured
just before and after the ultrasound is detected. To do this, the feedback circuit is disabled and
the interferometer output is measured while simultaneously the Pockels cell is used to drive

the interferometer over a complete interference fringe at a frequency of 2 kHz.

A thorough investigation of the uncertainties in the method has been undertaken [4] which
identified a number of corrections that must be made to the measurements. The
interferometer actually responds to changes in optical phase that are caused not just by the
displacement of the pellicle but also by changes in refractive index of the water caused by the
propagating acoustic wave. For a plane acoustic wave travelling in a direction parallel to the
optical beam, this acousto-optic interaction may be accounted for simply by use of an
effective refractive index in equations 1 and 2 (a value of approximately unity is used instead
of the usual 1.332 for water) [5]. The frequency response of the diode/amplifier combination

is also important since the reference voltage is measured at a frequency of 2 kHz, whereas the
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displacement is measured at high ultrasonic frequencies. The variation in interferometer
response with frequency has been measured [6] and this information is used to correct the
calibrations, the uncertainty on the correction being the largest single source of uncertainty in
the method. Other corrections are made to account for the fact that the pellicle is not
acoustically transparent but reflects some of the ultrasound, and the acoustic field is not an
ideal plane-wave, requiring a correction for the spatial-averaging effect of the hydrophone.
As part of the validation of the calibration method, NPL took part in a European comparison
of calibrations of miniature ultrasonic hydrophones organised under the auspices of the
Commission of the European Communities, and achieved a mean difference from the overall

grand means of only 0.2 dB [7].

Advantages of this method are its direct traceability to primary standards of length and its
insensitivity to the properties of the ultrasonic field generated by the transducer. Using the
interferometer, a reference hydrophone can be calibrated in the frequency range 200 kHz to
20 MHz with typical overall uncertainties (expressed for a confidence level of 95%) of

between £3% and +5% depending on frequency and hydrophone properties.

2.2 MEASUREMENTS

In accordance with the Protocol Document [8], the water in which the measurements are
carried out was prepared so it had a low electrical conductivity and low gas content. The
water was first distilled and then circulated and stored in a vacuum chamber (set to a pressure
of between 10 and 20 mBar) until needed. Before the calibration tank was filled, the water is
passed through a deioniser to ensure the electrical conductivity is kept as low as possible. The
electrical conductivity is measured with a Hanna Instruments HI9635 hand-held meter and
the dissolved oxygen content is measured with a Hanna Instruments HI9145 hand-held meter.
The temperature of the water is not controlled but the air temperature within the laboratory is
controlled to within +2°C. The calibration tank was filled with fresh water before each

hydrophone was calibrated.

The hydrophones were soaked for a minimum of one hour before the measurements were started

and continuously during the day, the electrical equipment was switched on at the same time the
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hydrophones were put into soak, which also allowed one hour for the equipment to warm up and

stabilise prior to the start of measurements.

During the measurements, the hydrophone earth pin was connected to the metal hydrophone
mount within the tank. The hydrophone mount is bolted to the wall of the metal calibration

tank, which is connected by earth shielding to the optical table.

Amplifier serial number 553901 was used for all measurements on the hydrophones and the
interferometer, the open-circuit correction factors were calculated from impedance

measurements of the hydrophone and amplifier and used to calculate the open-circuit

sensitivity of each hydrophone.

Table 1: Propagation parameters for calibration by optical interferometry.

Table 1 presents typical figures for the propagation parameters used during the calibration

process. The acoustic pressures generated are low to ensure no non-linear distortion is present

Source transducer details Typical )
- - . Propagation
Nominal Active element acoustic Distance
Manufacturer | Type | frequency diameter pressure (mm)
(MHz) (mm) (kPa)
Panametrics | V391 1 25.40 12.0-134 450 - 525
Panametrics | V306 2.25 12.70 26.6 - 26.9 300 - 380
Panametrics | V309 5 12.70 74.7 - 86.6 330-410
Panametrics | V312 10 6.35 25.2-33.2 295 - 370
Panametrics | V313 15 6.35 4.7-6.8 265 - 325

during the calibration procedure.

3

For hydrophone IP027, the data obtained from the four independent runs is presented in
Tables 2 to 6 and for hydrophone IP039 the equivalent data is presented in Tables 8 to 12.

RESULTS

Tables 7 and 13 present a summary of the data obtained for hydrophones IP027 and IP039.
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3.1 1r027

Table 2: Calibration report table for hydrophone IP027 at 15 MHz

Institution: Calibration method:
NPL Optical Interferometry
Date(s) of calibrations: Hydrophone serial number:
8 June 1999 1P027

Nominal frequency (MHz): 15

Measurement

Number 1 2 3 4

Actual frequenc
1 y 15.017 15.012 15.012 15.011

(MHz)
Temperature, T
20.0 20.2 20.2 20.2
)
Open-circuit correction 1.0382 1.0382 1.0382 1.0382
Water conductivity (uS) <1uS <1uS <1uS <1 uS

Oxygen content (mg 1), or

alternative (ppm or %
<2ppm | <2ppm | <2ppm | <3 ppm
saturation)

Amplifier gain (dB) - - - -
Measured sensitivity (nV Pa-) 238.50 235.46 233.37 235.21

Open-circuit sensitivity at T °C

(nV Pa?)

247.61 244 45 242.28 24420

Notes (e.g. of any unusual

difficulties)
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Table 3: Calibration report table for hydrophone IP027 at 10 MHz

Institution: Calibration method:
NPL Optical Interferometry
Date(s) of calibrations: Hydrophone serial number:
8 June 1999 IP027

Nominal frequency (MHz): 10

Measurement
Number 1 2 3 4
Actual frequency
10.150 10.154 10.154 10.147
(MHz)
Temperature, T
20.2 20.2 20.2 20.2
(°C)

Open-circuit correction 1.0398 1.0398 1.0398 1.0398
Water conductivity (uS) <1uS <1uS <1uS <1 uS

Oxygen content (mg 1), or

alternative (ppm or %
<3ppm | <dppm | <dppm | <4ppm
saturation)

Amplifier gain (dB) - - - -

Measured sensitivity (nV Pa-) 187.81 187.50 185.36 187.42

Open-circuit sensitivity at T °C

(nV Pal)

195.28 194.96 192.74 194.88

Notes (e.g. of any unusual

difficulties)
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Table 4: Calibration report table for hydrophone IP027 at 5 MHz

Institution: Calibration method:
NPL Optical Interferometry
Date(s) of calibrations: Hydrophone serial number:
8 June 1999 1P027

Nominal frequency (MHz): 5

Measurement
Number 1 2 3 4
Actual frequency
5.000 5.000 5.001 5.001
(MHz)
Temperature, T
20.2 20.2 20.2 20.2
Q)
Open-circuit correction 1.0397 1.0397 1.0397 1.0397
Water conductivity (uS) <1uS <1pS <1pS <1pS

Oxygen content (mg 1), or

alternative (ppm or %
<4 ppm | <4 ppm <4 ppm | <5ppm
saturation)

Amplifier gain (dB) - - - -

Measured sensitivity (nV Pa-) 163.35 166.95 163.42 163.79

Open-circuit sensitivity at T °C

(nV Pal)

169.83 173.58 169.91 170.29

Notes (e.g. of any unusual

difficulties)
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Table 5: Calibration report table for hydrophone IP027 at 2 MHz

Institution: Calibration method:
NPL Optical Interferometry
Date(s) of calibrations: Hydrophone serial number:
8 and 10 June 1999 IP027

Nominal frequency (MHz): 2

Measurement
Number 1 2 3 4
Actual frequency
2.000 2.000 1.996 2.001
(MHz)
Temperature, T
20.2 20.2 20.0 20.0
O
Open-circuit correction 1.0392 1.0392 1.0392 1.0392
Water conductivity (uS) <1pS <1 pS <1pS <1pS

Oxygen content (mg 1), or

alternative (ppm or %
<Sppm | <Sppm | <9ppm | <9ppm
saturation)

Amplifier gain (dB) - - - -

Measured sensitivity (nV Pa-) 152.31 152.36 151.22 152.39

Open-circuit sensitivity at T °C

(nV Pal)

158.28 158.33 157.14 158.36

Notes (e.g. of any unusual

difficulties)
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Table 6: Calibration report table for hydrophone IP027 at 1 MHz

Institution:

NPL

Calibration method:

Optical Interferometry

Date(s) of calibrations:

10 June 1999

Hydrophone serial number:

1Po27

Nominal frequency

(MHz): 1

Measurement

Number

Actual frequency
(MHz)

1.002

1.002

1.002

1.002

Temperature, T

()

20.0

20.0

20.0

20.0

Open-circuit correction

1.038

1.038

1.038

1.038

Water conductivity (uS)

<1uS

<1uS

<1uS

<1 uS

Oxygen content (mg 1), or
alternative (ppm or %

saturation)

<10 ppm

<10 ppm

<10 ppm

<10 ppm

Amplifier gain (dB)

Measured sensitivity (nV Pa-1)

149.32

150.64

155.61

151.37

Open-circuit sensitivity at T °C

(nV Pal)

154.99

156.36

161.52

157.12

Notes (e.g. of any unusual

difficulties)
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Table 7: Calibration report table for hydrophone IP027

Institution: Calibration method:
NPL Optical Interferometry
Dates: 8 and 10 June Hydrophone Serial Number: IP027

1999

Nominal frequency

(MHz) 1 2 5 10 15
Actual frequency
1.002 1.999 5.001 10.151 15.013
(MHz)
Mean open-circuit
sensitivity at T °C 157.50 158.03 170.90 194.46 244.64
(nV Pa?)
Type A standard
0.90 0.19 0.53 0.30 0.45

uncertainty (%)

Type B standard

1.24 1.35 1.28 1.38 1.57
uncertainty (%)
Expanded uncertainty 3.21 2.72 2.76 2.82 3.42
(%) (k=2.09) (k=2.00) (k=2.00) (k=2.00) | (k=2.00)
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3.2 1039

Table 8: Calibration report table for hydrophone IP039 at 15 MHz

Institution: Calibration method:
NPL Optical Interferometry
Date(s) of calibrations: Hydrophone serial number:
3 June 1999 IP039

Nominal frequency (MHz): 15

Measurement
Number 1 2 3 4
Actual frequency
15.003 15.005 15.004 15.004
(MHz)
Temperature, T
20.0 20.0 20.0 20.0
Q)

Open-circuit correction 1.0414 1.0414 1.0414 1.0414
Water conductivity (uS) <1pS <1pS <1pS <1 uS

Oxygen content (mg 1), or

alternative (ppm or %
<2ppm | <2ppm <2ppm | <3 ppm
saturation)

Amplifier gain (dB) - - - -
Measured sensitivity (nV Pa-) 246.19 244.66 256.86 245.83

Open-circuit sensitivity at T °C

(nV Pal)

256.38 254.79 267.49 256.01

Notes (e.g. of any unusual

difficulties)
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Table 9: Calibration report table for hydrophone IP039 at 10 MHz

Institution: Calibration method:
NPL Optical Interferometry
Date(s) of calibrations: Hydrophone serial number:
4 June 1999 IP039

Nominal frequency (MHz): 10

Measurement
Number 1 2 3 4
Actual frequency
10.142 10.147 10.149 10.150
(MHz)
Temperature, T
20.0 20.0 20.0 20.0
(°C)

Open-circuit correction 1.0431 1.0431 1.0431 1.0431
Water conductivity (uS) <1uS <1uS <1uS <1uS

Oxygen content (mg 1), or

alternative (ppm or %
<8ppm | <8ppm | <8ppm | <8ppm
saturation)

Amplifier gain (dB) - - - -

Measured sensitivity (nV Pa-) 192.26 193.40 192.68 191.85

Open-circuit sensitivity at T °C

(nV Pal)

200.55 201.74 200.98 200.12

Notes (e.g. of any unusual

difficulties)
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Table 10: Calibration report table for hydrophone IP039 at 5 MHz

Institution:

NPL

Calibration method:

Optical Interferometry

Date(s) of calibrations:

7 June 1999

Hydrophone serial number:

1P039

Nominal frequency

(MHz): 5

Measurement

Number

Actual frequency
(MHz)

5.000

4.995

4.997

4.996

Temperature, T

O

20.0

20.0

20.0

20.0

Open-circuit correction

1.0433

1.0433

1.0433

1.0433

Water conductivity (uS)

<1puS

<1pS

<1pS

<1 uS

Oxygen content (mg 1), or
alternative (ppm or %

saturation)

<10 ppm

<10 ppm

<10 ppm

<10 ppm

Amplifier gain (dB)

Measured sensitivity (nV Pa-)

171.35

170.32

168.19

168.86

Open-circuit sensitivity at T °C

(nV Pal)

178.77

177.69

175.47

176.17

Notes (e.g. of any unusual

difficulties)

183




NPL Report DQL-AC RES 013

Table 11: Calibration report table for hydrophone IP039 at 2 MHz

Institution:

NPL

Calibration method:

Optical Interferometry

Date(s) of calibrations:

Hydrophone serial number:

(nV Pal)

7 June 1999 IP039
Nominal frequency (MHz): 2
Measurement
Number 1 2 3 4
Actual frequency
1.998 1.998 1.998 1.999
(MHz)
Temperature, T
20.0 20.0 20.0 20.0
()
Open-circuit correction 1.0596 | 1.0596 1.0596 1.0596
Water conductivity (uS) <1pS <1pS <1 pS <1pS
Oxygen content (mg 1), or
alternative (ppm or %
<10 ppm | <10 ppm | <10 ppm | <11 ppm
saturation)

Amplifier gain (dB) - - - -
Measured sensitivity (nV Pa-1) 161.56 160.01 161.60 161.16
Open-circuit sensitivity at T °C

171.19 169.55 171.23 170.77

Notes (e.g. of any unusual

difficulties)
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Table 12: Calibration report table for hydrophone IP039 at 1 MHz

Institution:

NPL

Calibration method:

Optical Interferometry

Date(s) of calibrations:

7 June 1999

Hydrophone serial number:

IP039

Nominal frequency

(MHz): 1

Measurement

Number

Actual frequency
(MHz)

1.001

1.002

1.002

1.002

Temperature, T

()

20.0

20.0

20.0

20.0

Open-circuit correction

1.0572

1.0572

1.0572

1.0572

Water conductivity (uS)

<1uS

<1uS

<1uS

<1 uS

Oxygen content (mg 1), or
alternative (ppm or %

saturation)

<11 ppm

<11 ppm

<11 ppm

<11 ppm

Amplifier gain (dB)

Measured sensitivity (nV Pa-1)

161.11

162.00

159.26

158.74

Open-circuit sensitivity at T °C

(nV Pal)

170.33

171.27

168.37

167.82

Notes (e.g. of any unusual

difficulties)
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Table 13: Calibration report table for hydrophone IP039

Institution: Calibration method:
NPL Optical Interferometry
Dates: 4 to 7 June 1999 Hydrophone Serial Number: IP039

Nominal frequency

(MHz) 1 2 5 10 15
Actual frequency
1.002 1.998 4.997 10.147 15.004
(MHz)
Mean open-circuit
sensitivity at T °C 169.45 170.69 177.03 200.84 258.67
(nV Pa?)
Type A standard
0.48 0.23 0.43 0.18 1.15

uncertainty (%)

Type B standard

1.24 1.35 1.28 1.38 1.57
uncertainty (%)
Expanded uncertainty 2.66 2.74 2.69 2.78 4.07
(%) (k=2.00) (k=2.00) (k=2.00) (k=2.00) | (k=2.09)
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4.1

TYPE B SYSTEMATIC UNCERTAINTIES

NPL Report DQL-AC RES 013

This section presents the Type B Systematic uncertainty contributions to the overall

uncertainty budget with respect to frequency.

Table 14: Type B individual components within the uncertainty budget.
. Probability ..
Symbol Source of uncertainty distribution Divisor Ci V; OF Vgt

f Frequency response normal 2.00 1.0 infinity

Sv Sampling woltmeter accuracy rectangular 1.73 1.0 infinity

Ld Linearity of digitiser rectangular 1.73 1.0 infinity

Si Signal-to-noise ratio rectangular 1.73 1.0 infinity

Ri Effective refractive index rectangular 1.73 1.0 infinity

Ao Acousto-optic interaction rectangular 1.73 1.0 infinity

Sp Spatial averaging rectangular 1.73 1.0 infinity

Ss Pellicle transmission coefficient| rectangular 1.73 1.0 infinity

Lw Lamb waves rectangular 1.73 1.0 infinity

Pp Pellicle position rectangular 1.73 1.0 infinity

Al Amplifier loading rectangular 1.73 1.0 infinity

Ur Total systematic uncertainty normal 1.00 1.0 infinity

Table 15: Type B individual component values within the uncertainty budget.
1.0 MHz 2.0 MHz 5.0 MHz 10.0 MHz 15.0 MHz
value £ | value £ | value £ | value £ | value £ |
Symbol % ui *% % ui *% % ui *% % ui *% % ui *%

f 1.75 0.88 2.02 1.01 1.66 0.83 1.83 0.92 2.15 1.08
Sv 0.35 0.20 0.35 0.20 0.35 0.20 0.35 0.20 0.35 0.20
Ld 0.40 0.23 0.40 0.23 0.40 0.23 0.40 0.23 0.40 0.23
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.06 0.18 0.10
Ri 1.00 0.58 1.00 0.58 1.00 0.58 1.00 0.58 1.00 0.58
Ao 0.01 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Sp 0.08 0.05 0.14 0.08 0.22 0.13 0.28 0.16 0.80 0.46
Ss 0.20 0.12 0.30 0.17 0.70 0.40 0.90 0.52 1.00 0.58
Lw 0.04 0.02 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Pp 0.03 0.02 0.04 0.02 0.04 0.02 0.06 0.03 0.10 0.06
Al 1.00 0.58 1.00 0.58 1.00 0.58 1.00 0.58 1.00 0.58
Ur 1.24 1.35 1.28 1.38 1.57
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4.2 TYPE A RANDOM UNCERTAINTIES

The type ‘A’ random uncertainties for each hydrophone are presented in Tables 7 and 13 and
have been calculated from the standard deviations between the four independent measurement

runs in accordance with UKAS document M3003 [9].

43 COMBINED AND EXPANDED UNCERTAINTIES

At some frequencies, the combined standard uncertainty is sometimes dominated by the value of
the type ‘A’ random uncertainty. When this happens, following the procedures stated in the
UKAS document M3003 [9] the effective degrees of freedom are calculated and the results

obtained are used to calculate a revised coverage factor, k. The combined uncertainty is obtained

by:
Uc =V (U + U’p)

After calculation of the effective degrees of freedom and the associated coverage factor, k,

the expanded uncertainty is obtained by:
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