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Abstract

This Good Practice Guide is intended for both National and Industrial Metrology Laboratories who wish
to invest in the development of a quantum standard for alternating voltage based on the Josephson effect.
It gives a detailed description of the components required to construct a practical system as well as infor-
mation on measurement techniques, uncertainty estimation, software tools and safe operation of cryogenic
equipment. The text in the Guide is supported by a comprehensive list of references to material already
published in scientific literature.
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Foreword

This Good Practice Guide was prepared during the ACQ-PRO EMPIR project and can be accessed on the
website of the ACQ-PRO project:

http://www.acqpro.cmi.cz

The project ACQ-PRO has received funding from the EMPIR programme co-financed by the Partic-
ipating States and from the European Union’s Horizon 2020 research and innovation programme. This
guide reflects only the author’s view and EURAMET is not responsible for any use that may be made of
the information it contains.

You are free to share, copy and redistribute the Good Practice Guide. Youmust give appropriate credit.

4

http://www.acqpro.cmi.cz


Chapter 1

Introduction
NPL

Josephson junction arrays have been in use as a primary standard for voltagemetrology for over 30 years. A
number of review articles have been written which summarise the main aspects of the design of junction
arrays and their associated measurement systems to form a practical quantum standard of voltage [1],
[2], [3]. The development of non-hysteretic junctions paved the way for quantum metrology of dynamic
voltages using either programmable arrays of Josephson junctions arranged in a binary sequence [4] or
linear arrays of Josephson junctions with a pulse train bias [5]. This Good Practice Guide gives a detailed
description of the components and systems required to realise a practical ac quantum voltage standard. It
refers extensively to material already available in scientific literature and complements this with practical
details and illustrations.
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Chapter 2

Binary-divided arrays
NPL

2.1 Cryoprobe and microwave source
If the Josephson array is to be operated in a liquid helium cryostat at 4.2K, a cryoprobe is required to
support the array in the cryostat and to supply both the necessarymicrowave bias current and low frequency
bias currents. The cryoprobe design is a compromise between ideal properties for the microwave and low
frequency conductors and liquid helium consumption.

If the array is operated at microwave frequencies around 70GHz then either a dielectric waveguide
can be used to achieve for example a loss of 2.2 dB at 75GHz for a waveguide length of 1.25m [6] or
1.2 dB over a frequency range of 67.5GHz to 77.5GHz for a waveguide length of 1m and a liquid helium
consumption of 0.2 l per day[7] or alternatively an over-moded waveguide fitted with WR-12 launching
horns, achieving a loss at 75GHz of 0.7 dB per metre and a liquid helium consumption of 0.5 l per day [1].

Waveguide components suitable for interfacing a rectangular waveguide to an over-moded circular
waveguide are shown in figures 2.1 and 2.2. The brass ring around the waveguide taper supports the
circular waveguide tube as well as a larger cylinder which forms the cryoprobe outer shield. The three
slots in the brass ring are to accommodate the cables which pass down the gap between the two tubes to
carry the low frequency bias currents.

If the array is to be operated at frequencies around 20GHz then a coaxial waveguide can be used.
Figure 2.3 shows an example cryoprobe fitted with a coaxial waveguide for microwave bias.

Each segment of a binary-divided array needs to be connected to an electronic bias source at room
temperature so that the array can be biased to an arbitrary voltage to within the resolution set by the step
voltage for the smallest segment. The use of coaxial cables for these connections guarantees a transmission
line impedance and if the bias source output impedance is matched to the cable impedance, the effect of
cable capacitance on the transition time between different array bias configurations is minimized. For
example, the bias source developed at NPL uses a 50 W system for connections to the Josephson array [8].
The effect of reflections in the cables can also be greatly reduced by introducing terminating impedances.
In this way, a transition time between quantized voltages of less than 100 ns can be achieved [9]. The
coaxial cables create a further heat load on the cryostat so have to be chosen carefully to achieve a frequency
response in the MHz range in combination with an acceptable thermal conductivity. An example solution
is coaxial cable type ’C’ provided by LakeShore Cryotronics which has a characteristic impedance of 50 W
and a reduced heat load through use of an aluminized polyester shield conductor.
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Figure 2.1: Rear view of waveguide taper from
rectangular to over-moded circular waveguide.

Figure 2.2: Front view of waveguide taper show-
ing central hole for location of the waveguide tube
and three slots in the brass supporting ring to carry
the low frequency coaxial cables.

Figure 2.3: Cryoprobe end showing central coax-
ial waveguide for microwave power at 20GHz and
coaxial cables for low frequency bias currents.

Figure 2.4: Array chip carrier showing connec-
tion of coaxial cables for the low frequency bias
currents. The drain wires in the cables are con-
nected to a common ground wire behind the car-
rier.
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2.2 Binary bias source
For waveform synthesis, a bias source is required for the programmable Josephson array which has indi-
vidual outputs for each binary array segment and which can store a sequence of array bias conditions so
that a waveform can be generated as a series of discrete quantised voltage values. For highest accuracy,
the bias source should be able to change from one bias condition to the next with a minimum rise time
and also have the capability of synchronisation with an external frequency reference so that the generated
waveform can be phase-locked to other parts of the measurement system.

The bias source designed by NPL[8] is shown in figure 2.5. Bias connections to individual Josephson
array segments are provided on SMB coaxial connectors and the source is powered by dc-dc converters
with low electrical leakage to reduce the effect of ground loops. The source contains a waveform memory
with a capacity of 32 768 waveform points and is connected to a PC for programming via two optical
fibres.

The array bias outputs on the source have a 50 W output impedance for use with coaxial connecting
cables. A connection scheme for the bias source and Josephson array is given in figure 2.6. In this example,
there is no direct connection between the Josephson array and the common screen provided by the coaxial
cables, instead a bias channel is used to sink the return current from the lower end of the array. The common
screen is isolated from the chassis of the bias source and also from the exterior metal of the cryoprobe. The
coaxial cables are isolated from the cryoprobe and form an independent screen, as illustrated in figure 2.7.

With this connection scheme, the bias conditions for each bias channel are interdependent. The re-
quired settings of the voltage sources in the bias source, Vbj , counting up from the bottom of the array, have
to take account of the Josephson array segment voltages, Vai and the segment bias currents, Ii according
to equation 2.1 where R = 50 W. In this equation, the bias source channels count from index zero and the
array segments from index one (array segment zero does not exist so is defined as having zero voltage).
For each quantised voltage in the synthesized waveform, the set of voltages Vi are calculated in the PC
and transferred to the bias source memory.

Vbj =

j∑
i=0

Vai +R(Ii − Ii+1) (2.1)

2.3 Binary arrays
Binary-divided arrays of Josephson junctions are fabricated in one or more microwave transmission lines
so that all the junctions receive approximately the same microwave bias current. Separate connections
to the junctions are provided for low frequency bias currents to select the Shapiro constant-voltage step
required. The microwave current is continuously applied and control of the junction array voltage is
provided by the low frequency bias currents. The over-damped Josephson junctions are designed to have a
single-valued I-V characteristic so that there is a unique correspondence between the applied bias currents
and the voltage generated by the array. An example characteristic curve is shown in figure 2.8. Constant-
voltage Shapiro steps can clearly be seen at ±1V and a bias current of ±3mA. The width of the Shapiro
steps depends on the level of microwave bias current. Ideally, the microwave power from the source should
be adjusted so that the zero voltage and the±1V steps have approximately the same width in terms of the
bias current.

It is important to ensure that there is no trapped magnetic flux in the array of junctions. Flux trapped
in just one junction can compromise the accuracy of the voltage generated by the array. The most effective
way to test for trapped flux is to measure the voltage across the whole array using a voltmeter with at least
seven digits of resolution. The voltage generated should be recorded when the bias current is adjusted
to the centre of the Shapiro step and then compared with the voltage generated for a change in the bias

8



Figure 2.5: NPL Josephson array bias source.

Figure 2.6: Bias source connections.
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Figure 2.7: Insulating panel on the cryoprobe for the coaxial cable connections.

current of ±0.5mA. The recorded voltages should be the same to within 1 µV for all three bias currents.
If a change in voltage is observed, then trapped magnetic flux is a likely explanation. The array should
be raised to a temperature above 20K for a few seconds with all bias currents reduced to zero and the
microwave power turned off. The procedure for testing the step width should then be repeated to confirm
that any trapped flux has been removed.

Binary-divided arrays are normally sub-divided so that the number of junctions in the individual seg-
ments follows the series 1, 1, 2, 4, 8, 16 etc up to half the maximum number of junctions. Two single
junctions are often provided so that a build-up of voltage can be performed by comparing a single junction
against a single junction in opposition and then the two single junctions in series against a segment with
two junctions, etc. This is a useful procedure for verifying system performance but is not necessary to
verify the accuracy of the array of junctions itself.

The voltage resolution of a binary-divided array depends on the number of Josephson junctions in the
smallest segment and the frequency of the microwave bias. For example, if the smallest segment consists
of a single junction and the bias frequency is 70 GHz, then the voltage resolution is approximately 140 µV.
In some designs, the bias frequency is lower and the number of junctions in a single segment is larger.
For example if there are 32 junctions in the smallest segment and the bias frequency is 16GHz, then the
voltage resolution is approximately 1mV. The inherent symmetry of the positive and negative Shapiro
steps means that the array effectively has an extra binary bit of resolution and bipolar waveforms are
straightforward to generate. For example, an binary-divided array of 8192 Josephson junctions biased at
70GHz with the smallest segment having a single junction as a voltage range of ±1.2 µV.

A schematic diagram of a complete measurement system is shown in figure 2.9, see also [10]. The
quantum reference is provided by a programmable Josephson array and associated bias source in the same
way as shown earlier in figure 2.1. The quantized voltage from the array is present between terminals b and
c which are shown as coaxial connections. A reference waveform for characterising the device under test
is provided by a digital synthesizer. The voltage across the device under test a − f is compared with the
quantized voltage using a null detector consisting of an amplifier and analog to digital converter (ADC).

10



Figure 2.8: Example current-voltage characteristic for a binary-divided array with microwave bias applied.

Figure 2.9: Schematic diagram of a basic measurement system consisting of a programmable Josephson
array and bias source, a digital synthesizer, a null detector and a device under test.
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Chapter 3

Pulse-driven arrays
PTB

The pulse-driven Josephson voltage standard has been introduced more than 20 years ago [5], [11]. Recent
developments in Josephson Arbitrary Waveform Synthesizer (JAWS) led to the breakthrough of achieving
1 V RMS output voltages [12]–[15]. The JAWS are already used in several National Metrology Institutes
(NMIs) in special applications where only 100 mV levels are required e.g. for ac-dc transfer measure-
ments [16]–[19] and for calibrating ac voltage standards and instruments [20]–[24]. The increase to the
1 V level is important for many metrological applications, as instruments and measurement methods are
consequently more accurate in that range. More information about comparisons can be in [25], [26] and
reference therein. The step towards higher voltages was possible due to constant technology improve-
ments [27]–[31]. Towards higher frequencies the output voltage needs corrections due to long cables and
impedance mismatch – research is on-going [32]–[35]. New optical methods are aiming for a different
driving approach [36]–[39], as well as ideas for using multilevel pulse codes [29]. A pulse-driven system
has also lead to the new definition of the Boltzmann constant (see e.g. [40]).

Due to the ongoing research activities such as to increase the bandwidth and the voltage or to simplify
systems this paper only can give a snapshot of the present status. Wewill give details about the instruments
to drive the arrays and the array technology. As most details have already been published the aim of this
paper is not to be exhaustive but to give references and links.

3.1 Cryoprobe and microwave source
3.1.1 PPGs, power amplifiers
Presently different PPGs (Sympuls AG, Keysight, Anritsu,. . . ) are used for the driving arrays with pulses.
This is a still developing field with a need from faster communication techniques. Nowadays multilevel
PPGs are available, see Keysight manufacturer, and optical ones are also in development [39].

Very often the pulse amplitudes must be amplified using a broadband amplifier. Good experience has
been made with the PSPL5882 from Tektronix.

3.1.2 IV-box
IV-boxes are used for isolating the low-frequency part in ‘AC-coupling technique’ [30]. Usually such
electronics is home-made.
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3.1.3 Array bias lines; twisted pairs, coaxial lines, types and suppliers
All this wires/cables can be used at low frequencies. Of course, thermal EMFs must be taken into account
for DC while for high frequencies impedance match is most important [35]. Low temperature cables from
Lake Shore type SC are suitable at cost of helium consumption.

3.1.4 RF waveguides; coaxial and semi rigid cables, DC-blocks
At PTB waveguides from Huber + Suhner and Elspec are used showing suitable margins (at 4 K), see
figure 3.1. Depending on your application you must decide between attenuation and heat input. In general,
high conductivity means wide margins at costs of heat input. Therefore, copper cables cannot be used for
cryocoolers.

At PTB, we have made good experience with Sucoflex cables from Huber + Suhner (at 300 K).
Suitable DC blocks are DCB-3510 (inner) and DSCB-3511 (inner/outer) from Midwest Microwaves.

Figure 3.1: Pulse driven array with waveguides designed in PTB.

3.1.5 Array mounting, cable termination, heater for removing trapped flux
Arrays are usually mounted by chip suppliers [30]. Such chips come with an on-chip termination. So far,
we do not use a heater for pulse-driven arrays as we do not trap flux often. We prevent chips from trapping
flux by always using flexible grounding straps.

3.2 Bias source
For pulse-driven Josephson arrays a bias source in only required for testing the arrays and for verifying
margins. Such a source can be like the ones for binary arrays without additional requirements.
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3.3 Pulse driven array
3.3.1 Junction technology, critical current, operating frequency, Shapiro stepwidth

as a function of microwave power and pulse repetition frequency
Details about junction technology can be found in [20] and many cited articles. A very nice example for
Shapiro step measurements as function of pulse height is given in [31], [36] further theoretical background
is given in early NIST papers, see [11]. The on-chip filters have been optimized by NIST, see [28] and
figure 3.2.

Figure 3.2: Josephson junctions of pulse driven arrays and on-chip filters developed by PTB.

3.3.2 Output voltage, number of junctions
The output peak-to-peak voltage VPP for a series array ofm junctions is given by

Vpp(t) = 2mnΦ0fclock-PPGAΣ∆ (3.1)

with Φ0 the magnetic flux quantum and n = 0,±1,±2, . . . the integer step number andm the number of
junctions in the array. fclock-PPG is the clock frequency of the pulse pattern generator (PPG),AΣ∆ (0 <AΣ∆

< 1), the Σ∆-code amplitude factor. The amplitude factor must be < 1 to ensure a stable Σ∆-simulation.

3.3.3 Cable correction at high frequencies
The latest paper on this topic comes from VSL, see [35] citations. A cable correction and load compen-
sation method is under development by METAS within the QuADC project, see [41].
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3.3.4 Sigma-Delta simulation, quality of codes, SNR, quantisation noise
A good description of all this is given in an early paper by the NIST group [11].

3.4 Low frequency synthesizer
At PTB, low frequency synthesizers of the 33500B series from Keysight are used for the low frequency
part of the AC-coupling technique [30]. We have little knowledge how much specifications e.g. harmonic
distortion or phase stability are important for operating margins.

3.5 Null detector
Following NIST, PTB uses the NI PXI 5922 cards as fast sampling system and to for spectrum analysis.
However, any other sampler or spectrum analyser could be used.

In case of comparisons or in the pulse-driven Josephson impedance bridges a phase sensitive detector
(Lock-in amplifier) is required. So far, no Lock-in amplifier has been found which limits the operational
capability of the pulse-driven Josephson system.

3.6 Measurement system and procedures
Cables and interconnections, screening, current equalisation, mutual inductance, current and voltage paths
etc. are details which depend on the measurement application. Therefore, the JAWS should be assumed
just as an isolated synthesiser to replace a conventional one a common experiment.

3.7 Software
At PTB, LabVIEW software is used for all applications. This includes special software for arrays char-
acterization, waveform synthesis, spectral measurements, data collection and system control. Matlab is
used for fast calculation of the encoded waveforms by Σ∆-simulation.
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Chapter 4

Reference system
NPL

4.1 Introduction
This chapter describes the configuration for a new general AC quantum voltage standard including the
best choices of equipment, Josephson junction arrays, voltage waveforms and sampling parameters. It
brings together the experience of NMIs who have been conducting research in this area over several years.
This design of quantum voltage standard is intended to serve the interest of a range of institutes involved
precisionACmetrology and themetrology community in general. It is designed to underpin the calibration
uncertainties regularly required to deliver state of the art measurement services.

4.2 Equipment list
1. Binary Josephson array bias source
2. RF bias source, GHz frequencies
3. Cryogenic enclosure, 4.2K
4. Cryoprobe and Josephson junction array
5. Stable DAC synthesizer

• Aivon source
• Fluke 5720A calibrator
• Custom hardware e.g. NPL DAC source

6. Digitizer for difference voltage measurement

• Sampling voltmeter, e.g. Agilent model 3458A
• Flexible resolution digitizer, e.g. National Instruments model 5922
• Custom hardware, e.g. NPL difference amplifier and ADC

7. Optional second digitizer
8. Synchronisation oscillator
9. Power for DAC source
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Figure 4.1: Schematic diagram of the reference system.

4.3 Operating principle
In figure 4.1, the stable DAC source or calibrator (5) generates a smooth sine wave with the same period
and amplitude as the step-wise waveform from the Josephson waveform synthesizer (JWS), consisting of
items (1) to (4) in the Equipment List. The Josephson array high frequency bias is supplied by the RF
bias source (2), operating at 20GHz or 70GHz, depending on the type of Josephson array. The DAC
source or calibrator is frequency-locked to the Josephson synthesizer using a synchronisation oscillator
(8) operating at 10MHz or the synthesis frequency, fw depending on the type of voltage source. The
difference voltage between the DAC source and the Josephson synthesizer is measured using the digitizer
(6) at the high potential terminals. There is an option of using a second digitizer (7) at the low potential
terminals. The digitizer (6) is synchronised from the oscillator using either a 10MHz frequency or the
sampling frequency of the Josephson synthesizer, depending on the model of the digitizer. The second
digitizer (7) is synchronised in a similar way.

4.4 Connection of the DAC source
The connection scheme for the DAC source or calibrator (5) depends on the quality of the associated power
supply (9). The high potential terminal of the DAC source or calibrator is connected to the digitizer (6)
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at node A. If the second digitizer (7) is not used, then the low potential terminal of the DAC source or
calibrator is directly connected to the low potential terminal of the Josephson array via nodes B and C. As
a consequence, any common-mode current from the DAC source or calibrator power supply will flow into
the low potential terminal of the Josephson array, C, and can affect the accuracy of the quantised voltage.
Note that this problem is not solved by using a single digitizer in the low potential connection between
nodes B and C instead. Due to the low output impedance of the source, the common-mode current from
the power supply will now flow through the high potential connection to the Josephson array via nodes A
and D. There are two solutions:

1. The DAC source can be powered with a supply having a common-mode current of less than 1 µA
or a calibrator with low common-mode current can be used

2. The common-mode current can be diverted to a safe route (note that a common-mode current of
this kind comes from a high impedance so needs to have a path to return it to its source). For this
solution, node B has to be connected to the measurement system screen (represented by the coaxial
cables) at the source output. The second digitizer (7) is then also required to isolate the low potential
terminal of the Josephson array from the measurement system screen.

4.5 Common-mode-rejection-ratio of the digitizer
The digitizer (6) is measuring a voltage difference but at an elevated potential equal to the amplitude of
the voltage waveform being generated. It therefore requires a high common-mode rejection ratio (CMRR)
if the output of the DAC source or calibrator is to be calibrated accurately against the Josephson reference.
For example, an accuracy of 1 part in 106 on amplitude requires a CMRR of 120 dB. Alternatively, if the
digitizer has an internal guard which is effective at the frequency of the waveform being synthesized, then
this guard can be driven by the source by making a connection between the guard and node A (this will
have a negligible loading effect on the source).

4.6 Data collection and analysis
When using a binary-divided array as the Josephson reference, it is essential that the data collected by
the digitizers is correctly synchronised and that voltages associated with Josephson array transients are
eliminated to the required uncertainty level. If an integrating voltmeter, such as a model 3458A is used,
then normally the integration time of the voltmeter is set to be slightly less than the duration of a JWS
sample interval and the voltmeter trigger delay adjusted to avoid the transients. If a high speed digitizer,
such as aNational Instrumentsmodel 5922 is used, thenmany samples for a given JWS sample are acquired
and selected samples are eliminated to avoid the Josephson array transients.

Figure 4.2 shows example voltage samples acquired by a sampling digitizer of the type employed
at NPL for the comparison of a sine wave from the DAC source with a JWS waveform consisting of
38 samples. The digitizer is recording 8 samples per JWS value making a total of 304 digitizer sample
points per period of the waveform. The digitizer trigger is adjusted so that all of the samples occur in the
time interval between the QWS transients. To test the rejection of the transients, the first and last sample
in each set can be deleted from the data and the waveform recalculated to test for a significant change in
the result. This procedure can be repeated for further pairs of sample points.

The data collected by the digitizer, after processing to eliminate the JWS transients, is used to re-
construct the voltage waveform generated by the DAC source or calibrator. Figure 4.2 also shows the
calculated voltage differences between the JWS and an ideal sine wave, due to the finite quantisation of
the binary-divided Josephson array. When these are subtracted from the digitizer data, a reconstructed
difference waveform is obtained which represents the difference between the waveform from the DAC
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Figure 4.2: Example plot for a sine wave with 38 Josephson voltage samples per period showing (i) dif-
ference voltage waveform measured by digitizer (blue), calculated voltage differences from PJVS values
(green) and reconstructed difference voltage (yellow).

N Formula Value sinc
1 1 1.000000 1.000000
2 cos(πfτ) 0.999947 0.999982
3 (2 cos(2πfτ) + 1)/3 0.999858 0.999929
4 (cos(3πfτ) + cos(πfτ))/2 0.999733 0.999840
5 (2 cos(4πfτ) + 2 cos(2πfτ) + 1)/5 0.999573 0.999715
6 (cos(5πfτ) + cos(3πfτ) + cos(πfτ))/3 0.999377 0.999555
7 (2 cos(6πfτ) + 2 cos(4πfτ) + 2 cos(2πfτ) + 1)/7 0.999146 0.999359
8 (cos(7πfτ) + cos(5πfτ) + cos(3πfτ) + cos(πfτ))/4 0.998879 0.999128

Table 4.1: Formulae and correction values for an average taken over a number of discrete samples,N for a
waveform with a total of 304 samples. The equivalent correction for the sinc function over a time interval
(N − 1)τ is given for comparison.

source and a perfect sine wave of known amplitude, given by the number of junctions operating in the
Josephson array and the frequency of the applied microwave bias current. The reconstructed waveform
can be used to determine both the rms value of the sine wave generated by the DAC source as well as it
harmonic content.

4.7 Numerical correction factors
If an average of the difference voltage is taken over a period of time, for example due to the integration
time of a sampling voltmeter, then a correction needs to be applied to the data to account for the fact that
the waveform from the DAC source or calibrator is continuously changing with time. If the voltmeter has
a rectangular averaging window of width τ , then for a sinusoidal voltage of frequency, f , the measured
voltage is reduced by the factor sin(πfτ)/(πfτ). If, however, an average is formed by taking an average
of N discrete samples each separated by a time interval τ then the factor is given by the formulae in
table 4.1. These corrections are similar but not the same. Corrections for an average of discrete samples
are compared with a rectangular average function in table 4.1 and also plotted in figure 4.3.
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Figure 4.3: Graph showing data from table 4.1.
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Chapter 5

Cryocoolers in voltage metrology
INRIM, FCT

5.1 Introduction
There is mainly two ways to perform (electrical) measurements at low temperature. The first one is to use
as a cold source a cryogenic liquid stored in a dewar and to connect thermally the "sample" to this cold
source. The sample temperature can be controlled (PID control for instance) using an adequate thermal
connection to the liquid bath or varying the bath temperature by pumping or pressurizing it. Such sys-
tems, usually called "cryostat", are used from a very long time for low temperature research (since Dewar,
≈1880) and are, from more than 50 years, largely commercialized. Beside their reliability and the large
know-how acquired during all these years, this type of system presents some inconvenient (table 5.1). In
the 70’s, a new way has been developed and avoids the necessity to use a cryogenic liquid: many "closed
cycle engine" using compression and expansion of a gas can lead to thermodynamic cooling, not very
efficient (Carnot oblige), but presenting the main advantage that low temperature can be obtained using
a push-button machine! This type of "thermal machines" are nowadays very reliable and widely used for
low temperature (from 2K up to 300K) set-up. They are also widely commercialized. Some inconvenient
and advantage of these type of machine are presented in table 5.1. Let us note that these cryocoolers relief
many cryogenics-related pains and usually turn cryogenics much more easily accessible. However, for
very precise measurements, their uses is limited by the mechanical and thermal oscillations due to their
intrinsic principle (the expansion-compression cycles create mechanical vibrations and temperature oscil-
lations). For metrology, up to now, these limitations restricted their uses. However, due to improvements
of these machine, benefits are more and more and could, in some cases, outweighing the disadvantages.
In particular, the development of the so-called Pulse Tube (PT) cryocooler with no moving part at low
temperature led to a significant decrease of the vibration level.

We present here a simple introductory guide on cryocoolers focusing on voltage metrology. A cry-
ocooler reduces the temperature of a dedicated piece (called as "Cold finger") by through a proper ex-
ploitation of a thermodynamic cycle. In this text, we will focus on the cryocoolers that can be useful for
metrology in the temperature range 2K to 4K. We will describe the basic operating principles, avoiding
any complications related to detailed thermophysical principles. As the cryocooler is just a thermal ma-
chine, we will also describe the mandatory instrumentation that must accompanied it to turn it functional.
The main technical problems related to work at low temperature will be mentioned.

21



Cryostat Cryocooler
Pro’s No intrinsic mechanical vibrations

Temperature stability
Large choice of cryostats
Easy integration of super-conducting
magnet (QHE)

Large community of people using cryo-
coolers
More compact (can reduce cable length)
Push-button system
No refilling
No helium logistic

Contra’s Periodic refill
Liquid helium logistic
Gas helium logistic (if recuperated)
Helium cost (increasing)
Increasing difficulty for helium procure-
ment

Thermalization
Temperature fluctuations
Usually: Electric step motor not far of
experimental space (can be separated)

Table 5.1: Advantages and disadvantages of cryostats and cryocoolers.

5.2 Basic thermodynamics
The basic principle of a cryocooler (refrigerator) is summarized in Figure 5.1 (Index "C" and "H" refer
at "cold" and "hot", respectively). The cooling effect is used to remove heat from the cold source (QC,
TC). At the equilibrium, TC is constant then QC is equal to the heating power dissipated by the electrical
measurements at the cold finger level. In usual cryocoolers, this heat removing is obtained by a cycle of
compression-expansion of a gas. This cycle is driven by a motor consuming energy (W in Figure 5.1).
The energy conservation law impliesQC+W +QH = 0 (in this equation,QC andW are positive whereas
QH is negative). QH is released to the "hot source" (generally, the hot source is at the room temperature).
It can be shown that the most efficient thermal machine (Carnot machine) is based on two isothermal and
two adiabatic processes (2 compressions and 2 expansions). If all the process are reversible, the entropy
conservation implies:

QH

TH
+
QC

TC
= 0 . (5.1)

These two equations allow to calculate the "Coefficient of Performance" (COP) defined, to make it short,
as the ratio (What we want)/(What we pay) for a Carnot Machine:

COP =
QC

W
=

TC
TH − TC

. (5.2)

As it can be seen from this last expression, The COP decreases with TC. For instance, for a machine
working between 77K and 300K, the is equal to 0.3WW−1 (1W (W ) supplied to the engine leads to a
heat removing of 0.3W (QC) at the cold source). If the machine has to work at 4K, the decreases by a
factor ≈ 20 (≈ 0.014WW−1).Taking into account that the various processes are far to be reversible and
that the Carnot cycle is not easy to implement, the of a cryocooler working around 4K is about 10 to 100
times smaller in existent cryocoolers. The commercial cryocoolers working in the 4K temperature range,
range useful for voltage metrology, are based on Ericsson cycles (Gifford McMahon cryocooler (GMM))
or Pulse tube cycles and use helium as working gas.
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Figure 5.1: Basic principle of a refrigerator.

5.3 Gifford-McMahon Cryocoolers
The Gifford-McMahon Cryocoolers (Figure 5.2) were intensively developed during the end of last century
(1960–2000). Its main use was as the cold source of cryopumps (T ≈ 20K) and then largely found in
semiconductor industries. Continuous developments and improvements in the material used allowed to
reach temperature as low as 2K. Up to recently, they were the most usual cryocooler for the 4K range.
Actually, this cycle allows to build two (or three) Cryocoolers (stages) in series using the same compression
machine and the same mechanical parts (Figure 5.3): two stages Gifford-McMahon Cryocoolers having
a cooling power more than 1W at 4K are nowadays commercialized as "usual" cryocooler. A somewhat
detailed explanation of the cycle can be found in [42]. In such machines, the gas compression is obtained
by an external compressor (electric power typically 6 kW). This compressor is highly vibrating and noisy
but can be installed quite far (20 meters for instance) of the cryocooler itself. The expansion-compression
cycles are obtained by a distributing valve connecting the cold gas volume alternatively to the input or
the output of the compressor. Beside the compressor, the main piece of such a machine is the so-called
"regenerator-displacer". This fundamental piece, driven by the motor driven the valve, allows to transfer
the gas back and forth from the hot part to the cold part whereas it also allows to precool the working gas
before the cooling expansion. The displacement of the "regenerator-displacer" inside the system is the
main source of mechanical vibrations of such a machine.

Figure 5.2: Principle of the Gifford McMahon Cryocoolers using a "regenerator-displacer". In some
system this unique piece is substituted by a fixed regenerator and a moving displacer. From [42].
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Figure 5.3: Two stage Gifford McMahon Cryocoolers using a ""regenerator-displacer" [43]. This machine
corresponds actually to two cryocoolers in series: the second stage (low temperature stage), uses as hot
source the cold source of the first stage cryocooler. This type of system allows a cooling power of more
than 1W at 4K.
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Figure 5.4: Typical 1W at 4K commercial
Gifford-McMahon (two stages) cryocoolers [44].
The typical intermediate stage temperatures are
around 30K to 35K (with no thermal charge). It
can provide about 40W at 45K.

Figure 5.5: Typical commercial 1W at 4W Pulse
Tube (two stages) cryocoolers [45].

5.4 Pulse tube cryocoolers
Whereas the Stirling cryocoolers – based on the well-known Stirling cycle – are widely used for the 80K
range, its impossibility to build two Stirling cycle in series as in Gifford McMahon machines disqualified
it (up to now) for lower temperature range. However, from end of 70’s, a cryocooler based on this type
of cycle – Pulse Tube Cooler – was developed and more and more efficient version are nowadays com-
mercialized. The theory behind Pulse Tube Coolers is similar to that of the Stirling/Gifford McMahon
Refrigerators (2 expansion and 2 compression processes) but its understanding is a little more subtle (see
for instance [46]): the gas displacement mechanism being replaced by a cold volume – orifice – buffer
volume system, the orifice-buffer volume induces a phase shift between the pressure and the mass waves
that ensures the cooling effect. For instance the Figure 5.6 shows the comparison between the Stirling
cooler processes and those of the pulse tube. As it can be seen on this figure, no mobile piece exists
at low temperature: no mobile piece in the low temperature part means less vibrations, less mechanical
adjustment issues and less maintenance issues. Then, despite its performance generally worse than the
original GMM or Stirling coolers, this feature was found important enough to boost the technical efforts
on this type of cooler. The Figure 5.7 shows the schematic of the main pieces of a PT cryocooler and the
Figure 5.5 its materialization for the case of a two stage PT cooler (≈ 0.5W at 4K).

5.5 Cryocooler is just the "bare engine"
When you buy a cryocooler you still need the setup to operate the cooling engine. Many companies com-
mercialize turnkey machines in which all the basic for "elementary measurements" are installed, namely,
thermometers, heater for temperature control and free wiring. However, for many special types of mea-
surements, needing special requirements, these standard commercial solutions are not often immediately
suitable.
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Figure 5.6: Analogy between Pulse Tube and Stir-
ling Cycle. Piston compresses from 1) to 2) and
from 2) to 3) when near-isochoric process occurs.
The compressor piston becomes stationary 3) to
4), gas continues to flow into the surge volume.
Near-isochoric process, 4) to 1) completes the cy-
cle. From [47]. Figure 5.7: Scheme of a Pulse Tube.

From [48].

5.5.1 Vacuum chamber
For thermal isolation between room temperature and the cold part, the inner parts of the cryocooler is in-
stalled in a vacuum chamber. This vacuum chamber must be equipped with different access to atmospheric
pressure at RT (Ports). For instance:

• Vacuum pumping ports (+ eventually a pressure security valve port).

• Wiring port(s) for thermometry (low-current connectors).

• Wiring port for heaters (high current connectors).

• Special ports for special needs (wave guide for instance).

All these ports must be leaktight. Leaktight connectors are commercially available. Normalized flange
and usual o-rings can be used if dismountable flanges are adequate. Figure 5.8 shows the drawing of the
vacuum chamber existing in INRIM laboratory.

5.5.2 Vacuum system
The thermal isolation between cold system and RT surroundings becomes acceptable if the pressure in the
vacuum chamber is about or below 10mbar to 5mbar. Because, generally, the vacuum chamber volume
is relatively small (often less than 100 liters), compact vacuum system with relatively low pumping speed
(50 l s−1 to 80 l s−1 is generally enough) are quite adequate. Pressure sensors are generally integrated to
the system. It is recommended to connect this system to computer to record the vacuum level in order to
detect any pressure anomaly. To minimize vibrations coming from this vacuum system to the cryocooler,
corrugated stainless steel 25mm tube can be used to connect these two parts, this tube being fixed some-
where by to a massive block. If very long tubes are used, care must be taken to use a not to small diameter
that could increase significantly the pressure drop. Pressure drop calculation in this molecular regime can
be found, for instance, in [51].
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Figure 5.8: Vacuum chamber design example (INRIM) [49].

Figure 5.9: Typical turbo vacuum system. Rough dimensions: 60 cm× 60 cm× 60 cm [50].
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Type Range1,2 Inter- Typical B sens.3 Radiation
changeable? Applications ∆T/T @ B, T Sensitivity

Carbon 0.01K to 100K N R&D, T < 1K 5%, 4.2K, 8T low
Resistor
CernoxTM 0.1K to 420K N R&D, T < 1K 3%, 2K, 8T low
Resistor Process

Control
RuO2 Resistor 0.01K to 40K Some R&D, T < 1K 5%, 2K, 8T low
Platinum 14K to 873K Y Process 4%, 30K, 8T low
Resistor Control
Rh-Fe Resistor 0.65K to 500K N R&D, 12%, 40K, 8T low

reference
Si Diode 1.4K to 500K Y Process 10%, 10K, 8T high

Control
Vapor 0.5K to 5.2K, Y R&D, none4 none5
Pressure 13.8K to 44K, reference
Bulb > 68K

1. Lower limit will depend on installation.
2. Not necessarily covered by a single device.
3. Effect may depend on individual device and orientation.
4. Oxygen vapor pressure is affected by an external field.

5. For compounds such asmethane chemical decompositionwould produce and effect at very high doses. Helium vapor pressure
bulbs are highly resistant to radiation.

Table 5.2: Main thermometers used at low temperature. From [52].

5.5.3 Thermometry
During years, the temperature measurement at low temperature has been a hot topic and filled many chap-
ters in cryogenics books. The Table 5.2 shows a selection of thermometers that can be used below room
temperature. Nowadays, in the 2K to 300K temperature range, this issue can be solved by many reliable
ways and the recommended technique is thermometry using temperature dependent resistances.

Platinum resistors

100 W or 1 kW (Pt100 or Pt1k), 70K to 400K

This type of thermometers are recommended and are a low-cost and reliable solution. These thermometers
are widely used (for low and high (< 800K) temperature) and are commercialized by many companies.
They have a good reproducibility and a standard calibration curve T (R). Below 50K to 70K, the T (R)
characteristic becomes dependent of their values at 4K.

Silicon/GaAlAs diodes

2K to 300K

More expensive than the Platinum thermometers, the have a good sensitivity down to 2K. They are
not properly resistance but are measured using a V (I) method. They have a good reproducibility and
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a standard calibration curve T (V ) (usually using I = 10 µA). They are commercialized by companies
specialized in Cryogenics material (see below). Because they do not need calibration, they are a good
alternative to the Platinum thermometers in the range 2K to 70K.

Cernox resistances

50mK – 300K

Commercialized in the 90’s, they are nowadays widely used in cryogenics due to their high sensitivity and
reproducibility [53]. Note however that:

1. No standard calibration curve are available. Calibration (home made / commercial) process is
needed.

2. The high sensitivity is obtained in a determined temperature range. Table or graphs gives the sen-
sitivity versus temperature for the various model.

Germanium resistor

0.05K to 30K

In this temperature range they are the most stable thermometer, expensive but very stable calibration curve.
Nowadays, they are used mainly as secondary standard.

Thermocouples

(Not mentioned in the Table 5.2)

The thermocouples were also often used in cryogenics. In principle, they have a standard calibration curve.
However, they have a relative poor sensitivity below 10K and need special technique for installation. Due
to the easier solutions mentioned in the previous paragraphs, we do not find reason to use this more
complicated solution. As far as requirements on temperature precision are not extreme, the thermometry
is this temperature range is no more a problem.

Packaging

The sentence "the thermometer measured its own temperature" is often referred in cryogenics meaning
that it is not difficult to measure "a" temperature, more difficult is to measure the temperature of the
device! As a matter of fact, to measure the device temperature, the thermometer must be quite well
(thermally) coupled to it. Usually, in cryocooler, the device and the thermometer are in vacuum and then
the thermal coupling is made by solid-solid contact. To optimize this thermal contact, the solid-solid
contact must be achieved through two plane surfaces with a significant forces between these two surfaces
(see section 5.6.2). The good thermal contact between the thermometer and the other surface can then
be obtained if the packaging provides these two possibilities. Once again, this problem being recognized
from a long time, the thermometers are nowadays available in many type of packaging allowing good
contacts. Figure 5.10 shows some type of the packaging proposed by Lakeshore-Cryogenics [54]. Note
that if none of this packaging is judged satisfactory, a bare thermometer can be bought and a homemade
casing adapted to the specific application can be built.
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Figure 5.10: Various type of thermometers packaging proposed by Lakeshore cryogenics [54].

Cryogenic Temperature Monitors and controllers

As previously explained, the measurement of the temperature in the 2K to 300K temperature range is per-
formed by measuring a resistance R and using a T (R) calibration curve. Many Cryogenic Temperature
Monitors and controllers are commercially available. Usually, they are able to measure two or four sensors
simultaneously with a low measuring power adapted to low temperature constraints. The standard T (R)
calibration curves (Platinum, diodes, thermocouples) are usually digitally stored in the controller, home-
made calibration curves can also be stored. This results in an apparatus given directly the temperature.
To control temperature, one or two (or more) control loop are integrated in the Temperature controllers
providing a power output (up to 100W) calculated from a PID (Proportional, Integral, Derivative) process.
This output must be connected to a heating resistor located to the stage to be controlled: its temperature
will be stable when the available cooling power at this stage is counterbalanced by the heating power
provided by the controller. Many recipes exist, more or less successful, depending of the thermal charac-
teristics of the system, to find the appropriate PID coefficients [55] reaching to a fast stabilization of the
temperature.

5.6 Optimized heat transmission
5.6.1 Thermal conductivity
Cryogenic systems requires careful thermal design. To guarantee uniform chip operation one has to keep
control on the thermal fluxes that can lead to non negligible temperature inhomogeneity if too high. Ad-
ditionally owing to the low cooling power, thermal links to the environment must be minimized. For
instance, the coax cable or microwave guide for rf signal transmission to a Josephson array is typically
made with a good heat conductor transferring too much heat to the device from room temperature. Ther-
mal anchoring to 1st stage (see Figure 5.4 and Figure 5.5) reduces heat flow and temperature gradients,
solving in many cases the problem. Radiation shields around low temperature areas reduces heat from
radiated power that would otherwise limit cooling effectiveness and create temperature inhomogeneities.
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Figure 5.11: Thermal conductivity of the various materials used in cryogenics (from [54]).
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5.6.2 Thermal contact & insulation
Owing to the low pressure environment, in our temperature range of interest, thermal conduction is ob-
tained by conduction through solids (tables with temperature of interest in typical cryogenics experiments
are available by many ways, See for instance NIST or Lakeshore documents [56]). Note that for pure metal
(copper, Au, Al) below ≈ 100K, the thermal conductivity becomes highly purity dependent.

For good thermal conductivity the right choices are Cu (purer is better), Ag (expensive) or Al (but
superconductor under 1K, welding difficult). For thermal insulation the right choices are plastics (Teflon,
Nylon, PMMA, etc.), , alumina, thin-walled stainless steel tubes (but welding is not simple) or copper-
nickel (easier to weld). In general, amorphous (glass) or materials composed of small crystals and con-
taining a large quantity of defects and impurities are good thermal insulators. At the contrary, very pure
crystal (sapphire, for instance) can be used when very high electrical insulation and very high thermal
conductivity is required.

All these properties must fit some mechanical requirements. Stainless Steel (series 30(L) and 316(L))
and Titanium are often used when high mechanical constraints are required. These two materials are not
good conductors (alloy). Mechanically, copper is not very good. Brass (easily welded) and some family
of aluminum (8000, 2000, 7000 depending of the requirements) are sometimes good compromises due to
their relatively low cost and their good workability.

As for the wires that carry electrical signals from ambient temperature to low cryogenic temperatures:
for low-current terminals, thin threads of constantan or manganin are best for their low thermal conductiv-
ity and for the small temperature dependence of their electrical properties. If large electrical currents are to
be transported (such as those for powering superconducting magnets) one almost always ends up choosing
copper cables as long as they are carefully connected with heat wells on their way to low temperatures.
At very low temperatures the best choice is the use of superconducting wires which can be obtained by
covering a superconducting solder of thin manganin or constantan wires.

The wires for the measurement of small signals must, of course, always be rolled up on themselves,
fixed rigidly and well shielded to reduce electrical noise from the outside.

5.6.3 Contact thermal resistance
Reaching thermal equilibrium and/or homogeneity in a cryogenic system becomes increasingly difficult
when the temperature is lowered not only because the thermal conductivity of the materials decreases, but
also because the thermal contact between two materials becomes gradually larger when the temperature
drops. This "thermal contact resistance" RK can produce a thermal jump at the interfaces between the
materials given by:

∆T = RKQp (5.3)

where Qp is thermal power passing through the contact.
The contact resistances between different types of materials and between cryogenic materials were

widely studied. However, this issue is quite complicated and all the data are not completely reliable in the
sense that they depend closely of some technical preparation: The devil is in the details. However some
basic principles can help to mitigate this problem.

1. RK is inversely proportional to the effective contact area that can be about 10−6 of the apparent
contact area due to the microscopic irregularities of the facing metal surfaces. To increase this
effective contact, a "filler" material can be used to fill the void space. Due to its low pressure vapor
and relatively high thermal conductivity, the vacuum grease is often use for this purpose. Some
time, highly deformable pure metals foils are also used (gold or indium for instance).

2. By applying strong pressure/force between surfaces, the effective contact area increases and then
the contact resistance can be greatly reduced. In the cryogenic world, it is often said that the contact
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resistance is proportional to the applied force more than to the pressure.

3. The contact resistance can be kept reasonably small if the surfaces are clean, possibly gold-plated
and pressed against each other with great force. As a matter of fact, the thermal conduction provides
by conduction electrons (metal-metal) is rapidlymore effective than that due to crystalline vibrations
(phonons). Then contact between not oxidized surfaces must be promoted.

4. Most solder alloys are superconducting at low temperature and therefore, on the one hand, they
are very good for conducting electrical signals but, on the other hand, their thermal conductivity
decreases below superconducting temperature and can be very poor at very low temperatures.

5.7 Sample holder and coldplate
Reliable cryocooler operation requires a very specific thermal design to cope with problems not faced
with liquid coolants, like minimization of thermal gradients to guarantee uniform operation of the chip.
Moreover, the refrigerator has a reduced cooling power, thus the microwave guide to transmit the RF signal
to the chip must be carefully designed in order to limit the heat load on the low temperature stage, while
maintaining an effective signal transmission. As mentioned earlier, it is recommended when possible to
evacuate part of the heat load coming from room temperature on the cryocooler first stage when exists.

In the INRIM sample holder (Figure 5.12), the chip is pressed tightly by a printed circuit board to a
OHFC copper lamina. The PCB has pads for soldering and the chip is bonded to the PCB. Brass screws
provide the thermal link between the cold finger and PCT copper sheet that holds the device. The copper
laminated is also used as thermal conductive link to the cold plate, interposing and indium sheet for optimal
contact.

Figure 5.12: INRIM sample holder [49].

The coldfinger surface cannot be generally used to hold directly the chip carrier, to avoid damage
and because the metal surface in contact with the cold part of the experiment needs manufacturing to
host: thermometer(s) and heater(s) for temperature control, holes for signal wires and temperature control
wires, threaded holes for tightly screwing the chip holder to the cooling surface, etc. This is accomplished
by an Oxygen-Free-High-Conductivity dish, the "coldplate."

5.8 Security rules
Cryogenics deals with extreme temperature and with liquids, generally not toxic, but can be the cause
of oxygen concentration depletion. Then laboratories must follow some important safety constraints. An
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example of a non-exhaustive list of some rules that should be implemented in a laboratory using cryogenics
and cryogenics liquid in high quantity is given in Appendix A.

5.9 Recomended bibliography
Recomended bibliography is: [48], [51], [57], [58]. For thermometry materials, see for instance Lakeshore
Cryogenics documentations. The company provides on line [59] many usefull data and advices about cryo-
genics (tables and plots of thermal conductivity of various materials, for instance, recommendations about
thermometer thermalization and electrical wiring). Pricing is also available on line. Oxford Instruments
is another company very active in cryogenic field (turn key solutions) and commercialized many spares
useful in cryogenic hardware [60].
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Chapter 6

A standard voltmeter referenced to an
AC Josephson standard

IPQ

A system setup detailed described in [61] and schematized in figure 6.1 implements a standard voltmeter
referenced to an AC Josephson standard. The method has been verified up to 7V RMS in the frequency
range from 50Hz to 1 kHz with uncertainties in the order of 1.7 µVV−1 (k = 2). Further tests have been
performed to explore the behavior of the setup between 10Hz and near 5 kHz.

Figure 6.1: System setup.

Example of instrumentation used in the PTB system:

• Array – PTB, SNS 9/4; 10V with 16 segments,

• Bias Source – Lecroy; 5 units with a total of 16 channels,

• Microwave Generator – Julicher Squid GmbH; 70GHz,
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• Calibrator – Fluke 5720A,

• Sampler – National Instruments, PXI-5922,

• Waveform Generator – Keithley 3390.

The control of the Bias Source allows the generation of a selectable stepwise sine wave in amplitude
and frequency by the Josephson array as represented in figure 6.2. The signal generated by the calibrator
is compared against the signal from the Josephson array by sampling the differences between both with
the ADC PXI-5922. The sum of the differences sampled to the stepwise signal gives a sine wave signal
equivalent to the generator signal under measurement from which is calculated the value of the RMS
voltage, after removing the points corresponding to the step transitions which are affected by noise (ringing
points).

Figure 6.2: Representation of the voltage signals.

The software applications used to control the system have to assure the selection of the relevant pa-
rameters of the process:

• Josephson voltage and frequency to the stepwise sine wave.

• Number of steps of each period of the stepwise sine wave.

• Sampling rate of the sampler.

• Number of periods sampled to calculate a mean value for each run.

• Number of mean values averaged to calculate a final value, hereafter called "Loops".

• Number of deleted ringing points, in the begin and end of each voltage step.

• Number of deleted starting points.

Modular applications used to run the system:
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• Module to make the selection of the voltage and frequency values of the Josephson Array; the
number of steps in which each period of the stepwise wave is divided into and select and apply the
microwave frequency to the Josephson array.

• Module to control of the Calibrator selecting the voltage and frequency of its output as well as the
control of the Signal Generator to select the delay phase value to be introduced in the Calibrator
output related to Josephson signal.

• Module to define the number of periods and loops to be averaged; the number of "Delete Starting
Points" and "Delete Ringing Points". Support the calculation of the measured RMS voltage value
of the signal being measured and saved n Loops of measurements in a text file.

Example of system configuration parameters:

Number of steps 20
Periods 40
Loops 100
Delete Ringing Points 50
Delete Starting points 0
Sampling Rate 10MSa/s

The number of periods and loops in the table above could be applied for the frequencies equal or
greater than 40Hz. For lower frequencies, those values have to be reduced to solve the limitation of
memory. The experimental standard-deviation of the measurements depends on the frequency value: it
can be observed that the lower values, between 1 and 2 µVV−1, were found for the frequency interval of
30Hz to 100Hz. For the higher and lower frequencies measured, the standard deviation increases to an
order of 10 µVV−1. To handle this, the number of periods could be increased: at 20Hz, with a sampling
rate reduced to 2MSa/s to free memory and to allow, in that way, the increase of the period number, it was
showed that an increase of 20 periods to 80 periods has a consequence of reducing the standard deviation
from 9.1 µVV−1 to 3.0 µVV−1. For higher frequencies, the main parameter to reduce the noise is also
the number of periods: at 1 kHz at 3 kHz increasing the number of averaged periods from 40 to 320 allows
the standard deviation decreases to 1.5 µVV−1. When the number of sampled points per step is reduced
at higher frequencies followed by the consequent reduction of time interval of each step, the increase of
number of averaging periods works well to reduce the dispersion of the measurements. For frequencies
lower than 30Hz, despite the higher number of sampled points per step, there is a minimum number of
periods that are need to characterize the repeatability of the system.

37



Chapter 7

AC Voltage Measurements using PJVS
and Differential Sampling

TUBITAK

For accurate AC voltage measurements with Programmable Josephson Voltage Standard (PJVS) differ-
ential sampling method is used. PJVS system output is configured as quantum accurate stepwise voltage
for definite frequency (same as DUT output), definite amplitude (the closest value to DUT output) and
appropriate step count. PJVS output voltage levels for each step Vj can be calculated as:

Vj = Vp sin
2πj

N
(7.1)

where N is total step number, j is step index and Vp is peak voltage of DUT output. Because of the
limited resolution of the PJVS, it is not possible to obtain exact voltage levels, so the closest voltage levels
are selected.

By using differential sampling, non-ideal behaviors of sampler like drift, INL, gain errors are drasti-
cally decreased. Besides, transient region effect is eliminated by using proper timing or ignoring samples
corresponding to that region. System setup can be seen at Figure 7.1.

Figure 7.1: Quantum Voltmeter Setup.

In this setup timing is crucial and all devices except DUT are locked with the same clock. PJVS,
DUT, AWG and sampler are triggered with the necessary phase. PJVS and DUT are synchronized to
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obtain minimum differential signal, for this purpose AWG output signal phase is adjusted. In papers it is
shown that small phase shifts between PJVS and DUT triggers do not affect the measurement accuracies.
Synchronization scheme is depicted in Figure 7.2.

Figure 7.2: Blue line indicates PJVS output and red line indicates DUT output. Simulated output is 20V
peak-to-peak, frequency is 50Hz, step count is 20.

As sampler, there are different options like Agilent 3458A integrating ADC [62], [63] and NI PXI-
5922 Σ∆-ADC [61]. When 3458A is used, integration time and sampler trigger is set to avoid transition
region effect, then one sample is taken for each step of the PJVS output.

Disadvantages of this ADC are low sampling frequency and extra work needed for synchronization
because it has no clock in or clock out connector. In latter case high speed sampling is performed and
transient region samples are deleted. Although Σ∆-ADC allows for higher sampling rates, its accuracy is
worse than Agilent 3458A. Differential voltage is simulated as in Figure 7.3.

It can be seen that peak voltage of the accepted region is about 0.8V, decreased more than 10 times
for 20 step counts and half step integration time. Integration time and the number of steps can be changed
if necessary.

To reconstruct the original waveform, samples taken from 3458A are added to exactly known PJVS
output step corresponding to related sample.

Because frequency is known, three parameter sine-fit method [64] can be used to get other parameters;
amplitude, phase and offset. To obtain parameters of harmonic components or contribution at the power
line frequency, iterative three parameters sine-fit can be used. In this method, all the parameters are
obtained starting from fundamental component. Then, for second component three parameter sine-fit is
again applied to residual signal. This procedure is repeated up to desired frequency component count.
Another approach is to create observation matrix D for multi harmonic signal [65].
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Figure 7.3: Difference voltage pattern. Red regions indicate rejected area and blue ones indicate integrat-
ing region for half step integration time.

D =


cosωt1 sinωt1 cos 2ωt1 sin 2ωt1 . . . cosHωt1 sinHωt1 1
cosωt2 sinωt2 cos 2ωt2 sin 2ωt2 . . . cosHωt2 sinHωt2 1

...
...

...
...

. . .
...

...
...

cosωtN sinωtN cos 2ωtN sin 2ωtN . . . cosHωtN sinHωtN 1

 (7.2)

Where ω is angular fundamental signal frequency (2πf ), ti is ith sample time (for uniform sampling
((i− 1)/fs) ) andH is total harmonic component number. Then, estimation vector x̂ can be obtained via:

x̂ =
(
DTD

)−1 (
DTy

)
(7.3)

In the equation, y is reconstructed signal vector.

x̂ = [Y1Z1Y2Z2 . . . YHZHC]
T
. (7.4)

Each harmonic parameter can be estimated as: for amplitude

Ah =
√
Y 2
h + Z2

h (7.5)

for phase

Θh =

 tan−1
[
−Yh

Zh

]
+ π,∧Zh < 0

tan−1
[
−Yh

Zh

]
,∧Zh ≥ 0

(7.6)

Then estimated amplitudes must be corrected with sinc function:

sinπfTDVM
πfTDVM

, (7.7)
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where f is fundamental frequency and TDVM is aperture time of integrating ADC.
C represents the offset. To get contribution at the power line frequency four parameters sine-fit with

50Hz starting frequency can be applied to residual.
In the scenario that PXI-5922 is sampler, differential sampling frequency is much higher than 3458A

scenario. In this situation the samples corresponding to transient region are deleted and quantum accurate
samples are used. Before adding the samples to PJVS output voltage mean of the remained samples are
taken. Then, this mean value is added to PJVS output and the reconstructed signal is obtained. After
reconstruction the signal corrected by sinc function and then using RMS formula the RMS value of the
DUT output can be obtained.

Uncertainty components of the measurement system [61];

• Noise (Type A).

• PJVS (Type B).

• Sampler drift, gain, INL (Type B).

• Sampler bandwith (Type B).

• Calibrator drift (Type B).

• Phase error (Type B).
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Chapter 8

Procedure for calibration ac-dc
transfer standards using AC quantum
voltage standards

TUBITAK

8.1 Scope
The aim of this procedure is to provide general guidelines on the application of AC quantum voltage
standards (QVS) for the calibration of the frequency response of the ac-dc transfer standards.

8.2 Method
Ac-dc transfer standards or thermal converters are devices used to compare RMS values of the AC and DC
voltages by comparing their heating power on a resistor [66]. Main parameter used to describe thermal
converter is ac-dc transfer difference and is defined by:

δ =
VAC − VDC

VDC
(8.1)

where VAC is RMS value of the AC voltage, VDC is the DC voltage which, when reversed, produces the
same mean output voltage of the thermal converter as VAC, i.e.

VDC =
|VDC+|+ |VDC-|

2
(8.2)

Ac-dc transfer difference of a thermal converter is determined by applying known voltages from AC
quantum standard and measuring output of thermal converter. Transfer difference can be calculated by:

δ =
VACJ − VDCJ

VDCJ
− EAC − EDC

nEDC
(8.3)

where δ is ac-dc transfer difference, VACJ is RMS value of the AC voltage produced by AC Quantum
standard, VDCJ is average of the absolute values of a DC voltage produced by AC Quantum standard in a
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forward and reverse direction, EAC is output voltages of the thermal converter when applied VACJ, EDC
is average of the output voltages of the thermal converter when applied VDCJ in a forward and reverse
direction and n is sensitivity parameter of the thermal converter.

8.3 Calibration Procedure
There are two types of quantum voltage standards that can be used for the calibration of the TCs: pro-
grammable Josephson Voltage Standards (PJVS) [67], and pulse driven Josephson voltage standards or
Josephson Arbitrary Waveform Synthesizers (JAWS) [5].

8.3.1 PJVS, RMS Calibration
PJVS are based on using binary-divided arrays of damped Josephson junctions which can produce step-
wise approximated voltages (SAV) when biased by synchronized currents sources [4]. Using stepwise-
approximation synthesis, PJVS can generate arbitrary sine waves with calculable (rms) voltage and spectral
content. The primary drawback to this synthesis technique is the uncertainty that results from switching
between the discrete voltages due to finite rise times and transient signals [68], [69]. When come to the
calibration of the thermal converter by using PJVS, another obstacle is the error due to the current that is
required to drive the heater of the TC.

The shape and duration of the transients, and therefore the associated error, depend on numerous
parameters such as the speed of the bias electronics and the circuit layout, the bias currents used, the
microwave power, cabling etc. The error of the PSJV signal due to the transitions between the steps can
be decreased by using fast bias electronics and impedance compensation of cabling [9], and by increasing
number of steps. It has been shown that measured ac-dc difference linearly dependent on bias current
trimming, while shape of the transient is kept constant if other system parameters are not changed. Linear
slopes of the ac-dc transfer differences for different bias current trims intersecting at one point, at which,
the stepwise-approximated waveform, although not quantized during the transients, will nevertheless have
the same rms value as an ideally quantized waveform. This is valid under assumption that ac-dc difference
of the test TC has flat response over the frequencies measured, however in reality, this cannot be assumed
automatically. Practical approach proposed in [70] is as follows:

1. Calibrate the TC, using conventional methods, at the highest frequency where the JWS voltage can
be generated, for example, 5 kHz.

2. Using the set-up from Figure 8.1, sweep the bias trim current at this frequency. Due to its frequency
dependence, the curve of the ac-dc difference measurement result has the largest slope compared to
other frequencies.

3. Find the bias current that corresponds to the TC error obtained from step 1 above.

4. Use this bias current at lower frequencies.

As stated before, it is necessary to provide an additional electronic circuit to drive the heater of the TC
when using PJVS as voltage source. There are different solutions:

• Extra current source synchronized to the bias source [69].

• Buffer amplifier [71].

• Transconductance amplifier [72].
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Using an amplifier (Buffer or Transconductance) is less complicated than additional current source, so
procedure given here assumes using of the transconductance amplifier.

Briefly calibration procedure is given as follows:

• Connect TC to the PJVS, see Figure 8.1.

• Perform system optimization as described above.

• Apply voltages to TC in the sequence DC+, AC, DC-.

• Calculate ac-dc transfer difference of the TC using 8.3.

Figure 8.1: Measurement Setup for Calibration TC with PJVS and amplifier.

Explained procedure can be used also for calibration of the AC RMS voltmeters, as Fluke 5790A and
Datron 4200.

8.3.2 PJVS, Sampling
The other way to calibrate TC with a PJVS based system is to use an extra calibrator or generator whose ac
and dc voltages are directly measured by PJVS using differential sampling [61], [73]. The main advantages
of this approach compared to applying the PJVS-generated SAV and dc voltages to the TC are that:

1. the TVC is supplied with a pure sine wave voltage and is in all other respects in the same condition
as when used in conventional ac-dc systems,

2. the closeness of the PJVS and the TVC voltages provides a virtually unloaded condition for the
PJVS,

3. The transients in the SAV affect its fundamental less than the RMS value of the whole signal.

During the measurement, calibrator and sampler are synchronized to the bias source. Difference of
the AC and DC voltages of the calibrator and PJVS are measured by Sampler using differential sampling
technique. After AC and DC voltages of the calibrator are measured with PJVS, ac-dc transfer differences
of the TC are calculated by (2).
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Figure 8.2: Measurement Setup for Calibration TC with PJVS and multifunction calibrator.

8.3.3 JAWS
The JAWSs, based on pulse driven Josephson array are able to generate quantized ACwaveforms from DC
to Megahertz range, with excellent spectral purity, low noise and no drift. Recent works [13], [74] lead
to 1V level systems, which are suitable for the calibration of the TC. Major drawback of the JAWS is the
influence of the connection between the array inside the cryogenic environment and the test instrument.
This error can be compensated to some level by properly impedance matching [35]. Special designed
transconductance amplifier used to unload PJVS when TC is calibrated can also be used with JAWS so
that cabling now does not affect measurement in the first order [75].

8.3.4 Uncertainty
The following parameters have to be considered in the uncertainty budget for the calibration of the TC by
using a QVS:

PJVS, RMS

1. Quantization of steps, typically accuracy of the Josephson standard
2. Transient effects, depend on bias electronics and matching
3. Amplifier influence
4. Connections
5. TC calibration at high frequency
6. Type A, standard deviation of the measurements

PJVS, Differential Sampling

1. Quantization of steps, typically accuracy of the Josephson standard
2. Stability and INL of the digitizer
3. Calibrator drift
4. Phase error
5. Type A, standard deviation of the measurements
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Chapter 9

Calibrating voltmeters with PJVS
JV

The stepwise approximated sine waves generated by the PJVS can be used directly as an RMS voltage
source for low frequencies. As the frequency of the waveform is increased, the transients between the
steps becomes dominant, and the quantum accuracy of the signal is lost. By using a DAC generated sine
wave U, with the same frequency as the PJVS wave V, it is possible to transfer the quantization at the steps
to the DAC generated wave by sampling the difference at the steps.

The readings are taken when the difference U-V is close to zero, by adjusting both the phase, amplitude
and frequency of the two waves. The DAC source can then be used as a real-time calibrated voltage source,
for calibrating a voltmeter, given that the influence of the difference sampling does not affect the results in
a substantial way. A schematic description is shown in Fig.9.1. Two separate difference amplifiers (DA)
were compared in [76], showing that two similar DAs give the same result for the calibration of a digital
voltmeter, within a few µVV−1. Tests comparing these two DAs with an NI5922 sampler showed that the
results differ by more than a few µVV−1. Analysing the FFT of the error signal over several wavelengths,
showed that adding a choke (coaxial cable wrapped around a solid ferrite core) reduced the noise of the
readings from the ADC substantially, but connecting the NI5922 (parallel to the two other DAs) lead to
a similar noise level as without the choke. This indicates that the NI5922 operates in a slightly different
way and that the isolation of the device from ground is challenging.
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Figure 9.1: Schematic description of the NPL differential sampling setup.

47



Chapter 10

Procedure for metrology grade
characterization of analog-to-digital
converters frequency response using ac
quantum voltage standards

CEM

10.1 Scope
The aim of this procedure is to provide general guidelines on the application of AC quantum voltage
standards for the characterization of the frequency response of Analog-to-Digital Converters (ADC). The
frequency characterization is performed up to 20 kHz.

10.2 Method
The proposedmethod for the frequency response characterization is based on the comparison of the known
AC quantum input signal to the values obtained by the ADC sampling.

10.3 Quantum standards
Two different ACQ voltage standards can be used, Programmable Josephson Voltage Standard (PJVS) and
a Josephson Arbitrary Waveform Synthesizer (JAWS). The description, characteristics and operation of
these standards are defined on the previous chapters of this guide.

10.3.1 PJVS
In these systems the AC voltage is obtained using binary-divided arrays of damped Josephson junctions.
Voltage waveforms are synthesised by periodic switching of the binary-divided arrays. It is equivalent to a
Digital-to-Analog converter where each step of the wave has the accuracy of a directly traceable quantum
standard.
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The main limitation of these systems is the transition time from one step to the other. During this time
there is a non-calculable oscillation on the signal. The synchronization of the Josephson source and the
digitizer so that the signal is sampled only during the quantized part of the wave do not solve the problem,
because in this way the digitizer is sampling a DC signal so the AC behaviour is not evaluated.

Several solutions have been investigated to overcome this limitations.
The shape of the transitions is influenced for several parameters, as frequency, power or bias current.

These parameters can be adjusted in a way that the transition shape compensates the deviation from an
ideal signal, so the RMS of the signal is the same than the ideal. At the end of this chapter there are
references to this method.

Another way is to perform differential measurements. An ADC measures the different between a
source and the PJVS. The samples are taken during the quantized part of the PJVS. From the samples of
the difference the AC source can be reproduced with direct traceability to the Quantum standard. The
error on characterization of the AC source depends on the error of the measured samples. The influence
of the error of the sampler relative to the signal is divided by the signal reference and samples amplitude
relation. There are some limitations of these method, due to the step response of the ADC used to measure
the difference, a delay time after the step change and the sampling is necessary. This delay depends also
on the magnitude of the voltage change. This limit the number of samples for period of the signal. The
PJVS need a time to set each quantum value. As the frequency increases the number of samples for period
decreases. This means an increase on the magnitude of the difference limiting the maximum frequency to
characterize the ADC in the order of few kHz. At the end of this chapter there are some references on this
method application.

10.3.2 JAWS
The JAWS is able to generate pure sine wave at different frequencies. The main limitation of this standard
is the need to use long cables from the output of the calculable voltage inside a cryostat to the instrument
under test. These leads produce a voltage frequency dependence error. The error is squared with the
frequency. At 20 kHz, the error can be in the order of 4 µVV−1. Several methods have been described for
this error compensation. References to these publications are listed at the end of this chapter.

10.4 Measurand definition

Figure 10.1: Scheme of connection during sampling of ACQ signal by ADC.

To characterize the frequency response, for each frequency the ACQ signal is applied to the digital
converter, the signal is sampled and processed to obtain the measured amplitude, see Fig. 10.1. From the
direct comparison of the applied and processed signals at several frequencies, the frequency response is
obtained.

For each frequency, the calibrated AC source (UI(f) ) is applied to the ADC at some defined operation
conditions. The estimate of the output signal (A(f)) is obtained from the taken samples using a convenient
algorithm. The A(f) signal is corrected from the error introduced due to the sampling aperture and
the corrected signal Ac(f) is used to obtain the error for each particular frequency at defined operation
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conditions. In the case that the aperture time can be varied, as in the Keysight 3458A, the frequency
response is obtained for several Ta

e(f) = Ac(f)− UI(f) (10.1)

The corrected value Ac(f) arrives from the fact that integrating analog-to-digital converters measure the
mean value (Ai) during the integration time and this value is assigned to the mean time of the time aperture
ti.

Ai =
1

Ta

∫ ti+Ta/2

ti−Ta/2

u(t)dt (10.2)

Figure 10.2: Time aperture.

For a sine signal at frequency f there is a difference between the mean value and the signal value at
the time ti (see figure 10.2), the theoretical corrected value can be obtained with the following corrective
term:

K(f, Ta) =
πfTa

sin(πfTa)
. (10.3)

There is an uncertainty on the ADC time aperture value, the influence of this uncertainty becomes more
significant as the product (fTa) approaches unity and will be considered on the uncertainty estimation.

The time aperture and the temperature, at which the frequency response is measured, need to be in-
cluded in the definition.

The measurements are performed for a set of frequencies within the ADCworking range, and the error
and uncertainty for each frequency is obtained (e(f), U(f)). From these set of values a transfer function
can be fitted to provide the error and uncertainty to any interpolated frequency. The error caused by the
fit has to be included in the final uncertainty estimation.

10.5 Configuration
For asynchronous sampling a synchronization signal between the source signal and the Digital-to-Analog
converter is not necessary and is the unique option when it is not possible to phase lock the source and
the DAC, see figure 10.3. The 10MHz reference signal phase locks the internal source oscillator of the
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AC source. For the below configuration and in case of asynchronous sampling, the time reference will
be obtained from the DAC internal clock, or any external clock. If the clock used to trigger the DAC is
not locked to a 10MHz reference it is recommended to measure the frequency error of the clock. This
information will be very useful for data processing by means of the four-parameter least-squares sine fit
method, to provide a good initial estimate of the frequency f0. For synchronous sampling the frequency
reference will be the external reference.

Figure 10.3: Configurations for asynchronous (a) and synchronous (b) sampling.

10.6 Data acquisition
The measurement conditions are configured in the DAC, usually via a computer communications system.
The trigger system of the ADC is configured so that internal clock establishes the sampling instants (in an
asynchronous sampling scheme). After the set of samples are acquired, it is read and stored.

10.7 Data processing
The processing of the samples can be performed using the “Q-Wave Toolbox” [77] or any other applica-
tions. The file containing samples is read as the input of the processing stage. Other information may
be required depending on the selected processing method. If FFT is used, a sampling rate needs to be
provided as an input via a measurement configuration file. With this information, the spectral analysis of
the samples is performed by (windowed) FFT. If a method using least squares sine wave is used, a signal
frequency is usually needed to obtain best results.

Results are stored in a sheet in order to easily plot, rearrange and reuse them. The measurement
conditions are defined depending on the signal frequency to be measured, the main parameter to be defined
are: Coherency of the measurement system, sampling frequency (must meet the Nyquist requirement),
time aperture, dead time, (time aperture and dead time must be compatible with the sampling frequency),
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number of signal periods to be sampled, DAC range. In case of storing the obtained samples in the internal
memory of the DAC, the maximum memory size of the DAC must be considered.

10.8 Uncertainty
The main sources of uncertainty are described according to [78] and is mainly based on [79]. The fol-
lowing section describes the uncertainty estimation corresponding to the DAC error on the amplitude
measurement of an ACQ voltage signal. The error and uncertainty are obtained for several frequencies.
The DAC error and uncertainty for any other frequency can be obtained from the least-square fit of the
error and uncertainty determination at several frequencies within the required frequency range of interest.

The output quantity is the gain error of the DAC at a defined frequency (fa) and time aperture (Ta).
The input quantities are following:

• The n samples taken:
V1, V2, . . . , Vn . (10.4)

• The n times t when the samples are taken

t1, t2, . . . , tn . (10.5)

• The time aperture Ta if it can be varied, as the Keysight 3458A.

• The sampling frequency fs.

• The model relating the output quantity and input quantities is as follows:

e(fa, Ta) = A(fa)− V1(fa) + Ca(fa) + Calg + Csf (10.6)

Where

– e(fa, Ta) is the DAC gain error for a given frequency and time aperture.
– A(fa) is amplitude value obtained from the n taken samples at times tn.

A(fa) = f1(V1, V2, . . . , Vi, t1, t2, . . . , ti) (10.7)

– f1 denotes the function used to reproduce the signal from the samples.
– VI(fa) is the reference applied signal from the Quantum standard, JAWS or in the case of using
a PJVS the quantum corrected AC signal.

– Ca(fa): There is an uncertainty on the ADC time aperture value (Ta), the influence of this
uncertainty becomes more significant as the product (fTa) approaches unity.

– Calg: Correction due to the performance of the applied data processing method other than
Ca(f).

– Csf : Correction due to the sampling frequency. To evaluate this correction several measure-
ments of the same signal must be done at different sampling frequencies.

52



10.9 Probability density functions (PDFs)
The PDFs for the input quantities of the model are the following:

VI(fa). It comes from the ACQ reference signal. The error and uncertainty of this component are:
Using a filtered DAC corrected with a PJVS the correction. Using a JAWS, the voltage error on the leads
from the quantum reference to the DAC. Literature references are provided at the end of this chapter in the
way to evaluate and compensate for this error.

A(fa) = f(Vi, ti) Vi: the mean dc measured mean values during the integration time. The errors
due to the dc calibration, linearity, and stability of the DAC are intrinsic to the frequency response of
the DAC so their uncertainty is not considered. There is a gain variation of Vi with Ta. Ta is measured
internally for the DAC, the systematic error in Ta is intrinsic to the DAC and is included in the frequency
response. The only Vi uncertainty contribution considered is due to quantization. In fact with the time
ti when the samples are taken, variation of ti during the measurement (time jitter) contributes to the
uncertainty. According to the above, the two uncertainty components for this function are time jitter and
quantization. It has been verified that the distribution due to the contribution of time jitter and quantization
can be combined as a quadratic sum of the two terms obtained separately. The two components are then
evaluated independently. Regarding jitter, a rectangular distribution using the specification of the DAC
can be considered, If a specific evaluation of the DAC is not available. The influence of quantization can
be represented by the Wagdy equation for the DFT as follows:

u2
q =

∆2

6N
; ∆ =

D

2n
(10.8)

where D is the dynamic range, n is the number of quantization bits and N the number of samples.

Ca(fa): This correction is due to the integrating ADC conversion and is not intrinsic to the DAC.
The correction is the following

K(fac, Ta) =
πfacTa

sin(πfacTa)
(10.9)

The frequencies of the source, fac, can bemeasured using a 10MHz referencewith a negligible uncertainty.
It is assumed that the error on Ta comes from the error on the DAC internal time reference that needs to
be evaluated. The K correction is applied using the measured Ta in the equation. Calg. This component
can be obtained processing simulated ideal signals by the used algorithms.

10.10 Selected biography
Applications of PJVS

• [10]: A quantum waveform synthesizer directly traceable to the PJVS is described. An NPL de-
signed differential amplifier is used to measure the differences between the PJVS and the synthe-
sizer.

• [80]: This paper describe a method to precisely tune the PJVS bias parameters to produce an AC
standard source that can directly synthesize voltage with quantum accuracy. The PJVS is used for
the ADC characterization. The corrected ADC is used to tune the parameters. Uncertainties of
0.8 µVV−1 for 1.2V RMS amplitude at 1 kHz are reported.

53



• [61]: In this paper an ac waveform is compared with a PJVS using differential measurement prin-
ciple. The method has been verified up to 7V RMS in the frequency range from 50Hz to 1 kHz,
uncertainties are in the order of 1.7 µVV−1.

• [81]: This papers describes the use of a PJVS to obtain the integral nonlinearity of a DAC.

• [82]: A PJVS is used to investigate the influence of device setting of a 3458A Digital multimeter.
Influence of delay Time, Aperture time at 53Hz and at DC, and variation of number of samples per
period.

• [83]: A PJVS is used to evaluate, noise performance, step response and integral non linearity of three
ADC. The device under test are the NI 5922, NI 4461 from National Instruments and NPL 7767
designed by NPL.

• [84]: A PJVS from 11Hz to 400Hz is sued to evaluate RMS values, gain variation with aperture
time, Hysteresis, and Nonlinearities of a 3458A.

Applications of JAWS

The JAWS is well described on previous chapters of this guide. The following references describes the
evaluation and compensation of the main limitation of this system. The influence of the cables leads over
the output of the JAWS.

• [35]: In this paper the reflected wave theory is used to evaluate the lead effect and compensate
it by the use of impedance matching. The method is used for device under test with high input
impedance. Using this method the uncertainty of the ac quantum source is in the order of 0.5 ppm
ppm at 100 kHz.

• [85]: In this paper the effect of the cables is evaluated by comparing the AC-DC difference between
two thermal voltage converters with and without the ACJVS wiring connected in between.
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Chapter 11

Calibration of thermal converters,
voltmeters and AC sources

GUM

11.1 Principles of AC/DC converters
AC/DC converters allows the traceability betweenAC andDC voltage standards. To precisely provide such
transfer the thermal method is used. This concept is the comparison of two voltages: AC RMS and DC.
The Input voltage is converted to the nonelectrical quantity such as temperature. It causes the induction
of the output electrical quantity such as thermoelectric force or the current of emitter in transistor. The
following diagram (see Figure 11.1) illustrates the principle of such measurement.

Figure 11.1: Principles of TVC operation.

From the measurement point of view the most important parameter of the thermal voltage converters
is AC/DC transfer difference which is given by equation:

σAC-DC(f) =
UAC − UDC

UDC
, for EAC = EDC (11.1)

σAC-DC(f) – the transfer difference, UAC – the RMS value of the converter AC input voltage, UDC –
the value of the converter’s DC input voltage, EAC – the converter output voltage at the AC input signal,
EDC – the converter output voltage at the DC input signal.

11.1.1 Single Junction Thermal Voltage Converters (SJTVC)
This is the oldest one and still used AC/DC converter. In the single junction TVC resistance wire under
input voltage heats up insulated thermocouple. Heater wire, thermocouple and leads are placed in vacuum
glass bulb (see Figures 11.2 and 11.3).
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Figure 11.2: Single-junction TVC. Left: schematics, right: photograph.

Under the nominal current heater temperature raises up to about 150 ◦C. It can cause approx. 7mV
thermal EMF thermocouple junction. Such low voltage is difficult to measure precisely. This kind of the
thermal converter is characterized by the quasi quadratic function of the output voltage given by:

E = cV n
I (11.2)

where c – proportional coefficient, VI – input voltage, n – transfer function exponent (n ≈ 1.7÷ 2)
Therefore, it practically limits the use of SJTVC with a voltage of less than 50 % of its nominal input

value. This type of the voltage converter is sensitive to input overvoltage. Using higher values of the
input voltage than its nominal value the converter can be damaged as a result of overheating and burning
resistance wire.

11.1.2 Multi Junction Thermal Voltage Converters (MJTVC)
Unlike single-junction TVCs, MJTVC converters contain multiple thermocouples in series. The main
advantage of such devices is higher output signal which can be measured more easily and precisely. The
output thermoelectrical voltage typically is about 90mV. It can be manufactured in traditional glass bulb.
Currently multi-junction converters are also produced in planar form, using semiconductor fabrication
processes and micromachining techniques. Such TVCs have planar or thin-film form on substrate material
like silicon or quartz crystal.

11.1.3 Semiconductor TVC
It can be manufactured in the form of two monolithic integrated circuit boards. They are placed in a
vacuum casing for thermal insulation. With the bipolar transistor integrated circuit consists diffusion
resistor as a heater. Both converter boards are connected to the differential amplifier. The advantage
of such setup is elimination of the temperature influence. Another benefits of semiconductor TVC are
higher sensitivity and time stability. For example Fluke 792A or Fluke 5790A (Figure 11.4). Using
Semiconductor TVC is easier to operate because the higher output voltage (about 2V) at the nominal
input voltage. Another difference in this type of converters is linear output voltage characteristics. Unlike
junction thermal converters it has overload protection. Semiconductor converters typically operates using
battery power.
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Figure 11.3: Holt model 11 SJTVCs.

Figure 11.4: Semiconductor TVC Fluke 792A. Left: photo, right: schematics.
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11.2 Measurement system of the thermal converter based AC volt-
age standard

Figure 11.5: Schematic diagram of an AC-DC difference comparator system.

11.2.1 AC/DC converters
Practically AC/DC converters are enclosed in electrostatically screened chassis. Additional resistor is
connected to thermal converter for current adjustment. Typical to connect converters type N or General
Radio GR874 connectors are used with coaxial cables. Wrapping wires around ferrite ring favors better
performance.

11.2.2 Voltmeters
The best performance of the measurement could be obtained by using nanovoltmeters. Currently, industry
standard is the choice between Keithley 2182 and Keysight (formerly Agilent) 34420A. Instead nanovolt-
meters reference 81⁄2 digits voltmeters like Fluke 8508A of Keysight 3458A can be used.

11.2.3 Voltage sources
The High accuracy multifunction calibrators such Fluke 5720 can be used as the AC and DC source. As
DC source can be used semiconductor voltage reference Fluke 732B.

11.2.4 AC/DC switching and timing
AC/DC switching have significant role in measurement process. Best performance can be obtained using
reliable switches that allows to switch as quickly as possible and have negligible influence on frequency
response of thermal converter. It is necessary to maintain an appropriate sequence of measurements (for
example: AC, DC+, AC, DC−, AC). It is important DC voltage should be applied to converter in both
polarities. It minimizes reversion error.

After applying DC voltage in both polarities input is switched to AC. Typically after switching settle
time between 30 and 90 seconds is needed. It is necessary because resistance wire needs time to heat
up and to be stabilized. From the practical point of view twelve measurements in series gives the best
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Figure 11.6: AC-DC difference comparator system placed in GUM. The measuring station consists: DC
voltage sources FLUKE 5440B calibrator, AC voltage sources FLUKE 5720A/5700A calibrator, Keithley
2182A nanovoltmeter, AC-DC Voltage Tee, reference converter HOLT model 11, UUT Fluke 792A.

59



Figure 11.7: Left: male (upper) and female (lower) N connector. Right: GR874 hermaphroditic connector.

Figure 11.8: Connection wires wounded around ferrite choke toroidal core.

Figure 11.9: AC-DC Voltage Tee used in difference comparator system.
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trade-off between time of measurement and accuracy. Typical one series of measurements time is about
40 minutes.

11.3 Comparison of thermal voltage converters
Possession of voltage thermal converters with known AC/DC transfer difference can be used to calibration
of another thermal voltage converters involving measurement system described in chapter 11.2.

11.3.1 Comparison principle
To compare thermal voltage converters to channel method can be used. Input of reference TVCwith known
AC/DC transfer difference (REF) is connected to power selection switch parallel to calibrated converter
(UUT). As described in chapter 11.2.4, first DC voltage is applied in positive and negative polarization
and output voltage is measured for both TVCs. Its mean value is given by:

EDC =
EDC+ + EDC-

2
(11.3)

Next input voltage is switched to AC and EAC output voltage is measured for REF and UUT thermal
converters.

Measurement difference is given by:

∆B =
ESAC − ESDC

nSESDC
− EXAC − EXDC

nXEXDC
(11.4)

where: EXAC, EXDC – value of the output voltage of the UUT converter at AC and DC input signals,
ESAC, ESDC – value of the output voltage of the reference converter at AC and DC input signals, nx –
exponent of the processing function of the UUT converter, ns – exponent of the processing function of the
reference converter, Transfer difference measurement equation is given by:

∆X = ∆B + ∆A + ∆S (11.5)

Where: ∆s – correction of the reference converter (parameter from the certificate calibration of the
reference converter)

11.3.2 Sources of inaccuracies
Uncertainty of such transfer can be expressed as:

u2(∆X) = u2(∆B) + u2(∆A) + u2(∆S) (11.6)

were: u(∆A) – uncertainty of the correction due to lack of repeatability of results, calculated using a A
method, u(∆S) – uncertainty of the transfer difference of the standard converter (from the calibration cer-
tificate of the template), calculated using a B method, u(∆B) – uncertainty arising from the measurement
system, calculated using a B method.

Measurement difference uncertainty is type B uncertainty and is expressed as:

u2(∆B) = c21u
2(ESAC) + c22u

2(ESDC) + c23u
2(nS)

+ c24u
2(EXAC) + c25u

2(EXDC) + c26u
2(nX)

(11.7)

where u(E), u(n) - the uncertainty of quantity on which ∆B depends, c - the corresponding sensitivity
coefficients.
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Sensitivity coefficients are given by:

c1 =
d∆X

dESAC
=

1

nSESDC
(11.8)

c2 =
d∆X

dESDC
=
ESAC

nS

(
−1

E2
SDC

)
(11.9)

c3 =
d∆X

dnS
=
ESAC − ESDC

ESDC

(
1

n2
S

)
(11.10)

c4 =
d∆X

dEXAC
=

1

nXEXDC
(11.11)

c5 =
d∆X

dEXDC
=
EXAC

nX

(
−1

E2
XDC

)
(11.12)

c6 =
d∆X

dnX
=
EXAC − EXDC

EXDC

(
1

n2
X

)
(11.13)

11.4 Literature
Most important references for this chapter are [86]–[95].
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Chapter 12

Software
CMI

12.1 Array characterisation and optimisation
Biasing the segment in the middle of the step maximises operating margins during measurement. Because
each segment of the array has slightly different step width for different quantum number, the task is to find
out step width and middle of the step for every segment. The characterisation can be done by measuring
I-V curve of particular segment with microwave power on. Next a flat part of the step and middle points
has to be identified. Because step width can change for different temperature, it is beneficial to characterise
array often [96].

12.2 Binary array waveform synthesis
To generate a waveform using PJVS, one have to convert the required waveform into step waveform and
for every step a quantum numbers have to be found for each segment, see figure 12.1. The sum of quantum
numbers of all segmentsQ have to be equal (or as near as possible) to V KJ-90/f . This can be done in two
ways: binary or ternary. Binary means only −1 or +1 quantum states of Josephson junctions are used.
Ternary means −1, 0, +1 quantum states are used. Usually Josephson junctions on the array are divided
into segments according powers of 2 series. Thus finding which segments will be used is analogous to
converting Q to binary number. It gets complicated because on particular chips some segments can be
faulty and cannot be used. Generally this is Subset sum problem (special case of Knapsack problem).
The problem is NP-complete. This problem was solved many times and is easy to find out algorithms in
literature [97].

12.3 Binary array waveform synthesis – source voltages
A segment is biased to specified quantum number by a bias current. The current is usually produced by
a voltage source loaded by the resistance of the connecting cable and the segment. The segment voltage
Usn that have to be applied to a segment n to get a proper current Ibn to obtain quantum state +1 can be
calculated as:

In = Ibn − Ibn+1Usn = In(Rn +Rln) + (U0 + · · ·+ Un) + I0RLo (12.1)
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where Rn is output resistance of source channel n, Rn is the resistance of the connecting cable of
channel n on the high potential wire, RLo is the resistance of the connecting cable at low potential side of
chip, Un and Ibn are the voltage and bias current of segment n.

Figure 12.1: Scheme of bias currents flowing in PJVS chip.

12.4 Null detector data collection and processing
Due to number of measured points, data have to be streamed from null detector. This is easy when using
digitizers with proper drivers (as National Instruments 5922). When Hewlett Packard/Agilent/Keysight
3458 is used as null detector, proper settings have to be found. The very detailed and best source for
informations on this topic is [98]. The book contains full examples for short and long term sampling.
A PC-GPIB interface dedicated only for reading data from 3458 should be used to prevent loss of data or
synchronization.

The null detector is used to measure only small voltage difference, thus simple correction of offset and
gain should sufficient.

12.5 Device control
Large number of devices have to be controlled for PJVS operation. The key to keep software viable and
sustainable is to have the software hardware agnostic and modular. This can be achieved to use a hardware
abstraction layer between device drivers and core part of software. This will help also to easily add new
types of devices into existing software.

12.6 System control, automated measurements and calibrations
The efficient way to keep software simple and easy to maintain is to keep it modular. It means the basic
tasks are identified and a measurement is composed of these tasks. In CMI we found the best way is to
use a simple excel file with list of measurement points for automated measurements. The software reads
every row, sets properties defined in columns and makes a reading.
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12.7 Interoperability of software components
The similar case as for hardware, the best way to keep small dependence on other software is by using
abstraction layers. For example report can be sent to Microsoft Word or a simple text file. If abstraction
layer has defined inputs, it is easy to replace a function writing to report to a Word with a function writing
a report to a text file.

12.8 Data storage: content and format
Two kinds of data can be identified in measurement software: 1, samples: typically large volume data
of single data type; 2, properties: typically small data with various data types. Due to size, it is usually
needed to save samples as binary data. Contrary the properties of measurement, settings etc. can and
should be saved as human readable data (INI, YAML etc.) for easy review by users and debugging. It is
advantageous to store not only results but all possible data related to the measurement thus any time in the
future results can be reviewed, recalculated or analysed using different method.

12.9 Data analysis, measurement parameters, measurement uncer-
tainty

An algorithm have to be applied to obtain quantities (amplitude, frequency, signal spectrum) from sampled
data. Useful algorithms can be found in [77].

The errors one have to compensate comes mostly from the stepwise generated waveform [69] and the
null meter. Number of steps per period of the waveform determines width of the flat part of the single
step. For smaller number of steps the null meter have to measure larger differences, however number of
samples in one step is higher.

If the PJVS is used to generate step waveform and null meter measures difference between PJVS and
DUT, a signal of DUT cannot be fully reconstructed because of the dead time when PJVS is transitioning
to a new step. This is the same as applying series of rectangular (box car) filters to a signal. The impulse
response of such a filter is sinc function. However one can suppose the signal of the DUT is repeating
and the waveform can be reconstructed by measuring two periods. In the second period the phase of the
PJVS stepwise waveform is shifted thus the flat part of the steps covers the parts of waveform where the
transition occurred previously.

The quantum standard can be used to measure quantity repeatedly. A view on the noise and stability
can be obtained using (overlapped) Allan deviation for different observation times (for good example on
the use see [99]). Thus a best number of measurement repetitions can be estimated and lowest uncertainty
obtained.
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Appendix A

Safety rules in cryogenics
INRIM, FCT

A.1 Disclaimer
These following rules are just an indication, guidelines and examples of some precautions to be used or
implemented in laboratories dealing with cryogenics. Following these – or some of these - indications
does not imply any responsibilities of the authors of this text for any damage or injuries or expenses.

A.2 Generalities
Cryogenic liquids (liquefied cryogenic gases) are defined as substances with boiling points lower than
≈ −100K (≈ −173 ◦C). These operational instructions regulate the general aspects concerning the
use, transport and storage of cryogenic liquids, in this case liquid nitrogen (LN2, boiling point −195 ◦C)
and liquid helium (LHe, boiling point −269 ◦C), and access to the laboratories in which they are used.
Regarding any other cryogenic liquids, which may involve additional safety problems compared to those
covered here (explosion, fire, toxicity, etc.), the information herein must be adequately integrated.

It is the duty of the supervisors/responsibles to take care of their application and to instruct the workers
according to the information, training and training methods provided. In rooms where it is necessary,
additional security procedures may be applied to supplement, but not to replace, this.

A.3 Security risks
The two main risks related to safety in the presence of cryogenic liquids are:

• damage to fabrics due to freezing due to direct contact with the liquid or with its vapor;

• asphyxia in the event of spills or inadequate evaporation of liquids (The evaporation of one liter
of cryogenic liquid leads to ≈ 700 l of gas at room temperature), or excessive condensation of
atmospheric oxygen in poorly ventilated areas. In these three cases the risk is connected to the
inhalation of low quantities of oxygen.

Particular attention must be paid to protecting from cryogenic liquid particularly sensitive mucous
membranes and tissues or the eyes. The anesthetizing action of the cold sometimes causes frostbite with-
out being aware of what is happening. You can then also have, important effects of cold on the lungs:
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a short exposure can cause feelings of malaise, while prolonged inhalation of cold gas vapors can produce
serious effects on lung tissue. It should also be remembered that in case of suffocation the event is to-
tally asymptomatic, you do not perceive any sensation of breathlessness (which instead it is typical of an
excessive concentration of CO2).

Two other risks that should not be underestimated are:

• the embrittlement of the structures, by accidental or intentional contact, caused by a "Crystalliza-
tion" or from a drop below the glass transition temperature of the materials, even the most flexible
ones, at cryogenic temperatures;

• the increase of pressure in dewars or cryostat (isolated recipient used to store the cryogenic liquids
in the laboratories) due to the formation of ice near the access ports or vent valves, limiting their
correctness operation or even causing it to block with the risk of explosion of the dewar.

The increase in pressure can also be particularly dangerous when liquids come exposed to heat sources,
this is why liquids should only be stored in specific areas designated. Explosion risks due to enrichment
may also develop oxygen in particular conditions.

The low temperatures reached by cryogenic liquids require particular attention during handling, the
vapor released from a liquid can cause the same problems as the liquid. The vapors of liquid helium, liquid
nitrogen and liquid oxygen are also not to be underestimated because odorless and colorless and therefore
imperceptible to our senses.

Events that can indicate the onset of a problem that can lead to an accident:

1. Evaporation rates of the abnormal cryogenic liquid, both too high and too low.

2. Condensation or freezing of atmospheric humidity at unusual levels in places where normally this
effect should not be observed.

3. Difficulty in opening or closing valves.

4. Abnormal development of jets or steam feathers.

5. Increasing pressure in the dewar.

6. Whistles or whistles indicating the forced expulsion of quantities of cold steam significantly more
high standards.

A.3.1 Levels of oxygen
The cryogenic liquids, when brought back to room temperature, are in the gaseous state, therefore, in case
of evaporation they are subject to a volume expansion, in the ratio of one factor that depends on substance
to substance (694 for LN2, 750 for LHe (see section A.3.12, reference [3]), but for simplicity it is assumed
to be equal to about 1000. Therefore, by evaporating, 1 liter of cryogenic liquid becomes 1000 liters (1m3)
of gas.

Evaporation of an excessive amount of cryogenic liquid can cause severe reduction of the oxygen
concentration in the laboratory, and is therefore extremely dangerous.

The laboratories where large quantities of cryogenic liquids are used (see below for indications how
to evaluate these quantities) must be equipped with an oxygen level monitoring system (fixed or portable).
Follow the instructions given in the procedures which regulates access to premises to the armed for the
risk of hypo and hyper-oxygenation tightly. In the table a following, different levels of oxygen are reported
with the associated indicative effects and symptoms, which may vary from person to person and depending
on individual health conditions.
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% O2 (volume) Effects and symptoms at room pressure (see section A.3.12, ref. [4])
> 23.5 Extreme danger of combustion and fire.
20.9 Normal concentration of oxygen in the air.
19.5 Level of minimum allowable oxygen.
From 15 to 19 Reduced work capacity and concentration.

Reduced motor coordination capacity Malaise.
Possible loss of knowledge.

From 10 to 12 Increased breathing rhythm. Lips cyanotic.
Possible loss of knowledge.

From 8 to 10 Loss of knowledge, nausea, vomit.
From 6 to 8 Possible recovery of and vital functions within 4 – 5 minutes.

Probability of death close to 50 % after 6 minutes.
Probability of death close to 100 % after 8 minutes.

From 4 to 6 Coma in 40 seconds, convulsions, respiratory arrest, death.

An atmospheric oxygen level of 19.5 % is considered the minimum allowable. Nobody is allowed to
operate in an environment containing less oxygen. Any monitoring stations of the level of oxygen or in the
rooms, or portable oxygen sensors, must have an armed level adjusted to 19.5 % or higher. Remember that
in case of reduced oxygen concentration does not perceive any sensation of shortness of breath: asphyxia
is therefore asymptomatic.

A.3.2 Cold burn hazards
A particular risk for the personnel using cryogenic liquids is the contact of the latter with skin and eyes.
Given that these liquids are prone to splash due to the ’high ratio of expansion between the volume of
liquid and that of gas when handling fluids cryogenic is mandatory to wear visors of protection for eyes
and face, gloves for the low adequate temperatures and footwear. Avoid that the unprotected parts of the
body come into contact with areas that are not adequately insulated or tubes containing cryogenic liquids.
The low temperature of a material can provoke its firm attachment of the skin and result in a sever lesion of
the skin in the "natural" attempt at fast separation. Even a very short contact of the skin and the cryogenic
liquid can cause tissue damage similar to that caused by burns due to high temperatures. Prolonged contact
can cause blood clots that can potentially have very serious consequences.

A.3.3 Collective protection devices
It is forbidden to introduce large quantities of cryogenic liquids in a room or in a laboratory, unless the
environment is equipped for monitoring of the level of oxygen with appropriate sensors. Therefore it is
necessary:

• to identify the maximum total quantity, Vliquid of cryogenic liquid that may be present at a given
moment inside the laboratory.

• hypothesize that the entire quantity of cryogenic liquid can evaporate (due to a failure or an accident)
in a short time. It is therefore necessary to multiply Vliquid per 1000 (factor of expansion of the
cryogenic liquid when it evaporates) obtaining the total volume of gas Vgas = 1000 · Vliquid.

• compare Vgas with the total volume of the Vroom of the room.

One can then apply the following table (the number in parentheses are calculated for a laboratory of
≈ 250m3, for instance 50m2 and 5m high):
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Vliquid/Vroom Vgas/Vroom Action
< 0.00007 < 0.07 No action required
(< 20 l) (< 20m3)
0.00007 < 0.00028 0.07 < 0.28 Laboratory must be provided with oxygen sensors
(20 l < 80 l) (20m3 << 80m3) and monitor unit

or
All workers must be provided with a portable
oxygen sensor

≥ 0.00028 ≥ 0.28 Laboratory must be provided with oxygen sensors
(≥ 80 l) (≥ 320m3) and monitor unit.
(Dewars with 100 l
and more are frequent)

Laboratories equipped with oxygen sensors and monitoring unit for the use of portable oxygen sensors
must be equipped with a special safety procedure that regulates access to the premises. It will be the
responsibility of the person in charge to request ordinary maintenance or extraordinary oxygen detection
system or portable sensors according to the indications supplied by the manufacturer and reported in the
user and maintenance manual, taking into account the status of plant efficiency, number of working hours,
etc.

If it is deemed opportune, in the face of a careful evaluation process, the control units of oxygen level
monitoring can automatically activate, in case of alarm, a forced extraction system that expels the oxygen-
impoverished atmosphere and forces its replacement with air taken from outside the laboratory.

The positioning of permanent oxygen sensors must be chosen based on the location of the dewar,
containers, tanks and cryostats, and of the cryogenic liquid used. Remember that liquid nitrogen vapors
are heavier than air, therefore in a laboratory where it is used only liquid nitrogen the oxygen sensors will
be positioned at little distance from the floor (50 cm to 70 cm from the ground). Instead, the liquid helium
vapors are lighter than air, so in a laboratory where only liquid helium is used the sensors of oxygen will
be placed a short distance from the ceiling (10 cm to 30 cm from the ceiling, provided that there are no
aeration devices that could distort the sensor reading).

If both cryogenic liquids are used, the sensors should be placed approximately at a height correspond-
ing to the head of people or, if possible, install two sets of sensors, one near the floor and the other near
the ceiling.

On the other hand, portable oxygen sensors, if they have been chosen, in the case described above, in
alternative to sensors with relative oxygen monitoring unit, they must always be worn from all the workers
present in the laboratory.

A.3.4 Clothing and personal protective equipment
Depending on the use made of the liquid cryogenic, of the type of tank or dewar, and the risk of contact
with the liquid, with its own spray or with its vapor, the use of one or more devices below listed is necessary
for personal protection. Regardless of the need to wear one or more protection devices, when cryogenics
liquid have to be manipulated is mandatory to stick to some rules concerning clothing. In particular,
clothing must be worn covering the upper and lower limbs and closed shoes. The use of t-shirts or shirts
with short sleeves, trousers or skirts that leave discovered part of the legs, or sandals is not permitted.

Personal protection for cryogenics:

Gloves

The cryogenic gloves (EN 511) are thermally insulated and waterproof. They are equipped of long sleeves
covering most of the forearm. They do not allow immersion of the hand in LHe, and allow it and in LN2
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only for very short times. Are therefore prohibited the operations, routine or exceptional, that involve the
immersion of the hand in LHe and from limit only those in LN2 to exceptional cases. The gloves allow
you to touch cold objects come in contact with cryogenic liquids or stay in contact with them for some
time vapors. However, when you start feeling cold or you feel the glove becomes stiff, remove immediately
from the cold side and remove the gloves, which they must be able to slip out easily even just by shaking
the arm to the floor.

Visor

The visor protects the face and eyes from both splashes and cold vapor. It must cover the face well.
For all the devices listed above, the worker must scrupulously observe the indications of use indicated in
the respective manuals. It will be the responsibility of the person in charge of laboratory deliver personal
protective equipment, using the appropriate forms and carry out information, training and possibly training
for use.

A.3.5 Rules of conduct for the use of cryogenic liquids
Use only containers designed and certified specifically for the required use. It is forbidden the use of
inadequate containers such as pots, bottles, polystyrene foam trays, etc. that are not expressly designed to
contain cryogenic liquids of the type employed.

The operator must always wear gloves, visor, apron, protective overshoes supplied in the laboratory, in
accordance with this safety procedure and with any specific safety procedures for the laboratory or activity.

When loading a "hot" container, stay away from liquids that evaporate or leak out and from the gas
that develops. Proceed slowly with the filling process in order to limit the increase of pressure or splashes.

The operator must work interposing between the cryogenic liquid container and the escape route, that
should not be obstructed. The safety or vent valves of cryogenic liquid containers must point towards areas
that are not passing through. It is forbidden to pass or stop along their direction drain.

Make sure that the transfer tubes are in the correct use conditions: if they are double wall, must have
insulation according to specifications and no obvious damage that can put the operator at risk during the
transfer process.

Make sure that any vacuum insulation systems of the transfer pipes (cavities, insulation jackets, etc.)
or cryogenic liquid containers are efficient, checking the vacuum level and, if necessary, restore it with
appropriate pumping.

If it is necessary to pressurize a container for cryogenic liquids, always leave it open with at least
one pressure relief valve and in any case keep this container within the overpressure limit indicated by the
container manufacturer. The explosion or implosion of a cryogenic container is one of the more dangerous
accident caused by cryogenics liquids.

A.3.6 Transfer of cryogenic liquids
Do not transfer liquefied gas from one container to another for the first time without direct supervision and
instructions of someone who has already done this operation. If the racking is done without the special
"transfer tube", or to an open container, it must be carried out very slowly (especially at the beginning) to
minimize boiling and splashing.

As a rule, the transfer of cryogenic liquids from one container to another is carried out by pressurizing
slightly the starting dewar (refer to the specific procedures for each laboratory or to the manual of the
equipment in use for any precise pressure indications required), using the vapors of the same cryogenic
liquid, or an external source of gas thereof type (gaseous helium for LHe, gaseous nitrogen for LN2). It is
possible to use gaseous helium for pressurize dewar of LN2, while it is impossible to use gaseous nitrogen
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to pressurize dewar of LHe in terms of the temperature of LHe and nitrogen solidifies, therefore pay close
attention to the indications of gas recognition available to the laboratory, especially when these they are
provided through specific lines. The use of compressed air to pressurize is prohibited for dewars of both
LN2 and LHe, as the oxygen present in the air would become liquid going to constitute a mixture at risk
of explosion and fire.

The slight overpressure of the starting dewar allows the cryogenic liquid to be poured into the desti-
nation dewar (a real dewar or a cryostat that constitutes the measurement or temperature control system),
through the transfer tube, that is specifically designed for this kind of operations. Transfer tubes differ
between LHe (have a vacuum insulation jacket) and LN2 (they are usually shirtless isolation and more
flexible), and should not be exchanged between them. Only where expressly indicated from the manufac-
turer, a transfer tube can be used interchangeably for both types of cryogenic liquid (typically an insulated
tube suitable for LHe is also suitable for LN2 but not the other way around).

During the operations of decanting of cryogenic liquids, the oxygen can be liquefied from the air to
contact with cold surfaces. Drops of liquid air usually seep from pipes, joints, valves are usually visible
or cold fillets during pouring operations. These drops are extremely rich in oxygen (about 50 %), and
therefore present a high risk of fire or explosion. It must therefore be payed the utmost attention so that
these drops cannot run on possible ignition sources (hot materials, live electrical conductors, etc.), or on
materials easily flammable (including vacuum seals or greases or oils used for lubrication or sealing).

For the LHe, the use of suitable transfer tubes is mandatory and is the only permitted way to transfer
the cryogenic liquid. In fact, liquid helium has a very low latent heat of evaporation, and just 1Wof power
is enough to evaporate 1.4 liter of liquid helium per hour. On the contrary, it has a high enthalpy, so it
takes a lot of energy to heat the steam.

Therefore, it is mandatory to use transfer pipes specifically designed for the transfer they offer adequate
forms of thermal insulation towards the outside. Both the starting and the destination dewar must not
allow accidental contact with the cryogenic liquid, or expose it to air. The starting dewar, in order to
be pressurized, must have the air valves intercepted, except for the valves security, which by design are
not interceptable and which absolutely must not be tampered with. The safety valves are designed to
avoid pressures higher than those necessary for decanting, therefore they do not interfere with the transfer
operations.

For LN2 the use of suitable transfer tubes is strongly recommended, but in circumstances particular
other means for transferring the cryogenic liquid may be permitted. In particular, it is possible to use
different tubes (for example in polymer), provided the pressures to which it is transferred the cryogenic
liquid is very low. In fact, these pipes must be previously tested to insure that the passage of liquid nitrogen
does not lead to its break that can result in a jet of liquid cryogenic very dangerous. One must also pay
attention to the fact that it could be created enrichment of oxygen near the tube, with consequent risk of
fire or explosion.

It is also possible to transfer LN2 from non-pressurized containers by simple deposit or fall, provided
that weight and encumbrance of the starting container allow an easy handling, and also towards open
containers, provided they are stable and have sufficient mouth large enough to avoid the risk of spilling
outwards or toppling over the container.

In these cases it is mandatory to wear all the protective devices indicated above, proceed with extreme
caution, and make sure that the flow of LN2, in case of accidental leakage, does not affect any person.
When transferring LN2 for deposit, the quantities involved must be obligatorily very reduced, also to
avoid the accumulation of liquid oxygen in the mixture, with consequent risks of fire and explosion.

Normally, it is mandatory that the operations of decanting of cryogenic liquid be controlled by expert
personnel during their entire operation; indicatively, the presence of at least two people, of which at least
one expert. This is to intervene promptly in case of malfunctions, breakdowns, leaks, spills, sprays, or to
stop the transfer if the recipient of the destination is no longer able to receive further liquid.

Only in specific cases, indicated by appropriate safety procedures related to individual laboratories
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or activities, it is allowed to leave the room in which a transfer operation is in progress. In these cases
(typically during vapor pre-cooling operations, or operation of open-flow cryostat), the dewar containing
the cryogenic liquid must be visibly indicated, and every precaution must be taken to delimit the area in
which liquid is found cryogenic and to prevent spills, splashes or accidental jets of cryogenic liquid or
its own vapors, also considering the possible presence of untrained staff in the laboratory which could
accidentally interfere with the dewar and transfer tubes. In these cases they must be taken considering
physical barriers or possibly the ban on access to the laboratory at untrained staff.

A.3.7 Storage of dewar or tanks containing cryogenic liquids
Cryogenic liquids must be stored and handled in containers that have been designed to cope with the
pressures and temperatures to which they can be subjected. Avoid contact with unsuitable materials,
which could become very brittle at low temperatures. Indicate clearly, with a special sign, the dewars or
tanks containing cryogenics liquids.

In the case of dewar or storage tanks of LN2, always put a cap (making sure that there is always a way
of venting the steam that is generated by spontaneous evaporation or use gravity caps) so that LN2 is not
directly exposed to the air. Indeed, since the point of evaporation of oxygen is higher than that of nitrogen,
the oxygen in the air would condense in LN2, making the mixture potentially explosive.

When the dewar or tanks are hot, it is not necessary to provide any special information. If the su-
pervisor/responsible considers it appropriate, it can also be signaled on the laboratory door, with a sign,
the presence inside dewar or cold storage tanks using the appropriate signs. This type of signs allows
the description of the type of danger present specifying the term "nitrogen" replacing the generic term
"cryogenic liquids" or "liquid helium".

A.3.8 Transport and lifting of dewar or tanks containing cryogenic liquids
The transport of LHe must be done exclusively in dewar suitable for this type of cryogenic liquid.

The transport of LN2 in dewar suitable for this type of cryogenic liquid and also in containers or tanks
specifically designed for cryogenic, is allowed insofar as they are insulated, unsealed and equipped of
gravity cap, which can allow venting when a slight overpressure develops in the tank or container.

A.3.9 In the event of an accident, spillage, emergency, natural disaster, evacuation
In case of cold burns

1. Emergency call or directly to single emergency number or health emergency if the urgency requires
it;

2. If the injury is severe or extensive, or if it is the eyes, call single number for emergencies or health
emergency and have the victim transported to the hospital;

3. Do not provide heat to the affected area;

4. Loosen clothes that can limit blood circulation;

5. Wash the affected areas with large volumes of warm water (41 ◦C to 46 ◦C) to reduce the freezing;
do not heat quickly, the thaw can last from 15 to 60 minutes and can continue until the pale blue
color of the skin turns pink or red;

6. Cover the affected area with a sterile protective dressing or with clean sheets if the area is great, and
protect the area from further injury. Do not cover injuries with oils or other ointments;
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7. If a freezing or shock principle is detected, cover the victim with one blanket;

8. Do not give alcoholic beverages, which decrease blood circulation in the body frozen fabrics. If the
victim wishes, administer lukewarm drinks; do not allow the victim to smoke;

9. Consult a doctor.

In case of asphyxia

1. Any rescuer can only intervene if the area is safe;

2. Alert the emergency number or directly single emergency number or health emergency according
to the urgency;

3. If a person begins to falter or loses his senses while working in a liquid environment cryogenic, it
is necessary to bring it immediately in a well-ventilated place;

4. Symptoms of an incipient asphyxia may be rapid or labored breathing, fatigue abnormal, nausea
and vomiting, collapse or inability to move, unusual behavior or cognitive difficulties.

In the event of an accident with spillage or release of vapors

Evaporation of a large quantity of cryogenic liquid can cause mists that limit visibility. It is therefore
necessary that all workers have clear position of the routes of escape and that these are free from encum-
brance.

A spill of cryogenic liquid on the floor can cause a thin to freeze layer of water coming from atmo-
spheric humidity, which makes the floor particularly insidious. Care should therefore be taken not to slip.

If the spill is limited, demarcate the area and ventilate, otherwise evacuate the room.
Pay close attention to the fact that a spill or a release of vapors can damage vacuum seals or insulating

sleeves of electric wires, causing secondary accidents such as breakage of empty, short circuits, etc.

In case of emergency evacuation or natural disaster

• If possible, stop any transfer operations, depressurize the dewar or receptacles and leave the relief
valves open;

• If possible, switch off any systems that require the cryogenic liquid as refrigerant and that could lead
to an accident in case of sudden evaporation (for example superconducting magnets);

• Abandon the room by closing the door not to key, to facilitate the possible entry of emergency teams;

• If possible, turn on the forced air intake.

A.3.10 Work alone
The operations of transfer or handling of cryogenic liquids are not recommended in solitude. It is allowed
to work alone for the ordinary operations of the equipment using cryogenic liquids, provided that the
operator has some experience about these operations and is not exposed to further risks.
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A.3.11 Interference with other workers in the same room
Workers who work in any capacity in premises where cryogenic liquids are used are exposed to all the risks
described above even if they do not directly use nitrogen or helium liquids. And therefore it is mandatory
that these workers are trained properly before they can access these rooms using this security procedure and
any other ones relevant procedures specific to the laboratory and the activity. It is important to remember
that such workers include cleaning staff, installers andmaintenance technicians, fellows, students and other
workers free of charge, in addition to the staff who more or less regularly access the local for their duties.

It is also necessary:

1. Clearly identify the dewar, tanks, vessels, cryostats and machinery used for cryogenic liquids, for
example with the signage previously reported;

2. Clearly identify the dewar or storage tanks containing cryogenic liquids (better if they are easily
distinguishable from the empty ones and therefore do not present dangers), for example with the
same signage;

3. Identify clearly, and if possible demarcate, areas that might be cold or affected by vapors of cold
vapors;

4. Make sure that vents, steam jets or spills cannot interfere with escape routes, with other workstations,
with other electrical equipment or devices;

5. Make sure there are no pipes, valves or other components that can be knocked out or accidentally
tampered with by unqualified personnel, causing breakages, spills or spills of cold steam jets.

For workers subject to interferential risk, the same rules apply as for workers directly involved in the use
of cryogenic liquids, also regarding the rules of clothing and conduct to be kept in case of accident or
evacuation.

A.3.12 Normative and bibliographic references
1. INRIM - IO SPP 012: Istruzione Operativa Sicurezza in Criogenia, Ed: , Rev. 0, 09/05/17 (in

Italian).

2. Safety Matters, Oxford Instruments.

3. Practical Cryogenics, An introduction to Laboratory Cryogenics, by N.H. Balshaw, Oxford Instru-
ments.

4. Jefferson Lab, Oxygen Deficiency Hazard Safety Booklet, version July 2008.
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