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EDITORIAL

I00 years since Bragg Nobel Prize
In 2012, 100 years after Lawrence 
Bragg announced the discovery of his 
law for crystal diffraction Australian 
Physics published an article by John 
Jenkin emphasizing the often over-
shadowed contribution of Lawrence 
Bragg (Braggs’ Law or Bragg’s Law?, 
Aust. Phys. 49 75-79 (2012)). In this 
issue, 100 years after the award of the 
Nobel Prize to Bragg father and son, 
we present an article by John Patter-
son and Robert George, William Henry Bragg, Man and Scientist, 
that focuses on the life and work of Bragg the father. This article also 
coincides with the unveiling of a bust of Sir William Bragg alongside 
that of his son, Sir Lawrence Bragg, on North Terrace in Adelaide 
where he spent 23 years of his early career. We have used an image of 
the bust by South Australian artist Robert Hannaford for the cover.

The second article, Discharge Physics in Heavy Industry: How a Physi-
cist can Help Electrical Engineers by Richard Morrow describes how a 
physicist’s problem-solving skills led to a remedy for an operational 
problem in a large industrial plant. 

The third article, Sculpting Entanglement, by Stephen T. Hyde and 
Robert Owen is the fourth article to be inspired by the theme of 
the last National Congress, The Art of Physics (Canberra, December 
2014).

This being the last issue for 2015, we include on the inside of the 
back cover a list of the articles published this year.

When I took over as acting editor in 2013, I had not intended to 
remain long in the position. Having retired from full-time academia 
not so long ago, I was not sure I wanted to find myself again in a sit-
uation where meeting deadlines was a never-ending prospect. After 
a few issues, however, I dropped the ‘acting’ and became comfortable 
with being ‘editor’ for a longer period. Bringing out six issues per 
year, close to regularity (but there is room for improvement there!) 
requires the cooperation of authors, book reviewers, advertisers, the 
AIP president, AIP branch chairs, the AIP secretariat and, finally, 
Pinnacle Print Group for graphic design and printing. I thank them 
all.

Finally, best wishes to members for end of year celebrations and 
for 2016.

Brian James



AUSTRALIAN PHYSICS 18752(6)  |  NOV–DEC 2015

PRESIDENT’S COLUMN

Nobel recognition of the solution to the neutrino puzzle
This time of early October is one 
when there is much excitement 
and anticipation surrounding the 
announcement of the Nobel Prize 
winners. Physics of course is no ex-
ception, with considerable specu-
lation and rumours as to who the 
winners will be in the lead up to the 
announcement. I distinctly remem-
ber this back in 2010 when rumours 
spread in late September that Brian 
Schmidt would be one of the win-
ners of the Nobel Prize in Physics 
for the discovery of the accelerating 
universe. While that was not to be 
that year, it proved correct the fol-
lowing year. I will never forget hear-
ing this news, which was through a 
phone call from a very excited Leigh 
Dayton, then science writer for The 
Australian, who had somehow got 
wind of Brian having received a very 
special phone call from the Nobel 
Foundation in Stockholm. 

The significance of the award 
of this year’s Nobel Prize in Phys-
ics to Takaaki Kajita and Arthur 
B. McDonald for “the discovery of 
neutrino oscillations and that neu-
trinos have mass” will I am sure be 
recognised by many in the Austral-
ian physics community given its 
importance to particle physics and 
the Standard Model as well as astro-
physics in resolving the “solar neu-
trino problem”. Furthermore, like 
the award of the 2011 Nobel Prize 
in Physics for the “accelerating uni-
verse” discovery, it goes to the lead-
ers of two big teams, whose inde-
pendent results were both crucial in 
establishing that neutrinos oscillate 
between their electron, muon and 
tau states and therefore must have 
mass. 

Kajita was the leader of a research 
team which, using the Super-Ka-
miokande neutrino detector facil-
ity located 1,000 meters below the 
Earth’s surface in a zinc mine 250 

km north-west of Tokyo, found that 
muon-neutrinos coming straight 
down from the Earth’s atmosphere 
were more numerous than ones 
that had traversed the entire Earth 
in the diametrically opposite direc-
tion. Since the number of electron-
neutrinos detected from the two dif-
ferent directions were equal, it was 
deduced that the muon-neutrinos 
must change into tau-neutrinos, 
thereby reducing the number that 
traverse the entire Earth due to their 
longer travel time. 

This work was complemented 
very nicely by that of McDonald 
and his team, who very soon after 
(in 1999) used the Sudbury Neu-
trino Observatory (built in a nickel 
mine in Ontario, Canada) to meas-
ure both the number of electron-
neutrinos as well as the number of 
all three types of neutrinos coming 
from the Sun. Since the nuclear re-
actions that power the Sun produce 
only electron-neutrinos, both meas-
urements should have produced 
the same result. However, it was 
found that the number of electron-
neutrinos was less than the number 
of all three neutrino types together, 
implying that some of the electron-
neutrinos had metamorphosed into 
the other types during their 150 
million kilometre journey from the 
Sun. 

For astrophysicists, Kajita and 
McDonald’s discovery of neutrino 
oscillations saw a much welcomed 
elimination of the somewhat em-
barrassing “solar neutrino problem” 
– endless discussions of which at 
astrophysics conferences held in the 
80’s and early 90’s are indelibly im-
printed on my memory! For particle 
physicists, the discovery gives them 
more work to do in developing new 
theories beyond the Standard Model 
that properly account for neutrinos 
having mass and determining exact-

ly what those masses are. Significant 
focus and effort is being brought to 
bear on these latter endeavours here 
in Australia through the research 
program of the ARC’s Centre of Ex-
cellence for Particle Physics at the 
Terascale. 

Finally, changing topic to that 
of Australian politics, I was very en-
couraged by the recent announce-
ment made by the new Prime Min-
ister, Malcolm Turnbull, that the 
industry, innovation and science 
portfolio is one of his government’s 
“most important agenda”. These 
words now need to be followed up 
by specific actions, which we look 
forward to seeing over the coming 
months. We also need to work with 
a mostly new set of Ministers. Chris-
topher Pyne has replaced Ian Mac-
farlane as the Minister for Industry, 
Innovation and Science (with “In-
novation” now included in his title). 
The new position of Assistant Min-
ister for Innovation has been created 
with Wyatt Roy appointed to this 
role. Karen Andrews continues in 
her important “science” role as As-
sistant Minister for Science.  Also of 
note is the appointment of Simon 
Birmingham as Minister for Educa-
tion, whose Department will  con-
tinue to have responsibility for the 
research grant programs. 

Warrick Couch
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NEWS & COMMENT
L’Oréal-UNESCO For Women in Science 
Australia Fellowships  2015
The 2015 L’Oréal-UNESCO For Women in Science 
Australia Fellowships have been announced. The four 
recipients included Dr Shari Breen, an astronomer with 
CSIRO Astronomy and Space Science in Sydney.

L-R: Dr Megan Clark (past CEO of CSIRO), 2015 Fellow 
Dr Shari Breen, Dr Larry Marshall (CEO of CSIRO), credit: 
L’Oréal Australia

Shari is using the Parkes radiotelescope and a net-
work of international telescopes to understand the life 
cycle and evolution of high mass stars that burn briefly 
and brightly before exploding. While our sun will have 
a lifespan of nearly ten billion years, high mass stars live 
for as little as one hundredth of that time. 

Shari will use her Fellowship to develop her use of 
masers to investigate these stars. Masers form naturally 
in high mass stars, sending laser-like beams of intense ra-
dio waves across the galaxy. Many different kinds of ma-
ser form over the life of these stars and Shari has shown 
that she can track the formation and evolution of a star 
through its masers. 

Researchers test speed of light with greater 
precision than before
Researchers from The University of Western Australia 
and Humboldt University of Berlin have completed test-
ing that has effectively measured the spatial consistency 
of the speed of light with a precision ten times greater 
than ever before. The stringent testing also confirmed a 
core component of Einstein’s theory of Relativity known 
as ‘Lorentz symmetry,’ which predicts that the speed of 
light is the same in all directions.

The experiment compared the extremely pure mi-
crowave frequency signals from two cryogenic sapphire 
oscillators against each other over the course of a year. 

UWA researcher Stephen Parker from the Frequency 
and Quantum Metrology Research Group at the School 
of Physics said the experiment placed the microwave os-
cillators perpendicular to each other and rotated them 
on a turntable once every 100 seconds for a year.

This shows (left) the orthogonal sapphire crystal mount, 
with (right) simulations of the electromagnetic resonant 
whispering gallery mode patterns. A frequency variation 
in the resonance would indicate a variation in the speed of 
light. Credit: Stephen R. Parker, The University of Western 
Australia 

“The frequency of the microwave signals directly 
linked to the speed of light,” Dr Parker said. “If this 
were to change depending on the direction it was fac-
ing it would indicate that Lorentz symmetry had been 
violated. But the frequencies didn’t change down to the 
18th digit (the smallest part of the measurement of fre-
quency). It is remarkable that this symmetry of nature 
still holds true at such tiny levels. Searching for possi-
ble violations of Lorentz symmetry will provide valuable 
clues for a more comprehensive and unified theory.”
The research has been published in Nature Com-
munications 6, article number: 8174 doi: 10.1038/
ncomms9174.

Academies launch new program to stem loss 
of women in science
On 16 September, the Australian Academy of Science in 
partnership with the Academy of Technological Science 
and Engineering launched a new gender equity program 
to address the chronic underrepresentation of women 
in science, technology, engineering and mathematics 
(STEM). The launch was held at Parliament House 
in Canberra and hosted by the Parliamentary Friends 



AUSTRALIAN PHYSICS 18952(6)  |  NOV–DEC 2015

New Ministers for Science and Education
Following the recent change of Prime Minister, a min-
isterial reshuffle has resulted in new responsibilities for 
science and education.
         

 Christopher Pyne, MP Senator Simon Birmingham

The new Minister for Industry, Innovation and Sci-
ence is the Hon. Christopher Pyne, member for Sturt, 
SA. His previous ministerial appointments were Assis-
tant Minister for Health and Ageing (Jan 2007 to Mar 
2007), Minister for Aging (Mar 2007 to Dec 2007), 

Minister for Education (Sep 2013 to Dec 2014) and 
Minister for Education and Training (Dec 2014 to Sep 
2015).

Christopher Pyne has a Bachelor of Laws (Adelaide) 
and a Graduate Diploma of Legal Practice (UniSA). 
Prior to entering parliament he practised as a solicitor.

The new Minister for Education and Training is Sen-
ator the Hon. Simon Birmigham, Senator for SA. His 
previous ministerial appointment was Assistant Minister 
for Education and Training (Dec 2014 to Sep 2015). 

Senator Birmingham has a Master of Business Ad-
ministration from the University of Adelaide. Prior to 
entering parliament he was Director of the Winemakers’ 
Federation of Australia.

of Science and the Parliamentary Friends of Women in 
Science, Maths and Engineering.

Currently, just 17 per cent of senior science research-
ers in Australian universities and research institutes 
are women. The Science in Australia Gender Equity 
(SAGE) pilot will be the first Australian trial of the suc-
cessful UK Athena SWAN gender equity accreditation 
program. Thirty-two organisations will participate in the 
pilot, including key medical research institutes, CSIRO, 
and more than half of Australian universities.

The program rates the gender equity policies and 
practices of participating organisations with a gold, silver 
or bronze award and helps them to promote and retain 
women and gender minorities in their organisations.

Proportions (percent) of males (red) and females (blue) 
at various academic levels in 2012 (A: below Lecturer; B: 
Lecturer; C: Senior Lecturer; D: A/Professor; E: Professor).
(Source: Higher Education Research Data Collection 2012, Department of 
Education; Office of the Chief Scientist, Australia.)

2015 Nobel Prize for Physics
The Nobel Prize for Physics 2015 was awarded jointly to 
Takaaki Kajita (University of Tokyo, Japan) and Arthur 
B. McDonald (Queen’s University, Kingston, Canada) 
“for the discovery of neutrino oscillations, which shows 
that neutrinos have mass”.

      

 Prof Takaaki Kajita Emeritus Prof 
  Arthur B. McDonald

Around the turn of the millennium, Takaaki Kajita 
discovered that neutrinos from the atmosphere switch 
between two identities on their way to the Super-Ka-
miokande detector in Japan.

Meanwhile, the research group in Canada led by Ar-
thur B. McDonald showed that the neutrinos from the 
Sun were not disappearing on their way to Earth. In-
stead they were captured with a different identity when 
arriving to the Sudbury Neutrino Observatory.

A neutrino puzzle that physicists had wrestled with 
for decades had been resolved. Compared to theoreti-
cal calculations of the number of neutrinos, up to two 
thirds of the neutrinos were missing in measurements 
performed on Earth. Now, the two experiments indi-
cated that the neutrinos had changed identities. The dis-
covery led to the far-reaching conclusion that neutrinos, 
which for a long time were considered massless, must 
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BRANCH NEWS
Victoria
On 19th September, the Victorian Branch of the AIP 
held a Careers Night that was attended by more than 
80 students and practitioners from academia and indus-
try. The event was organised in collaboration with the 
student physics societies of La Trobe, Melbourne and 
Monash Universities and generously supported by local 
institutions and companies. The spectacular waterfront 
venue provided a comfortable setting for students to ask 
physicists about their working lives and career pathway. 
It also provided an opportunity for students from across 
Victoria to network and for graduate students to share 
information about their research activities. Prizes were 
awarded for the best student posters (congratulations to 
Andy McCulloch and Amelia Brenna from the Univer-
sity of Melbourne).

A panel discussion provided the highlight of the 
evening, with panellists Dr Amanda Barnard (CSIRO), 
A/Prof Rick Frainch (RMIT), Dr Corey Putkunz (Dow-
nUnder GeoSolutions) and Mr Theo Hughes (Monash 
University) answering questions about their experience 
as physicists and their outlook on future opportunities 
for aspiring physicists. The discussion ranged from top-
ics such as how to get a graduate job to the future of 
science in Australia. The message from the panellists that 
most resonated with the audience was that a passion for 
physics can take you to unexpected places.

L to R: Dr Amanda Barnard, Dr Cory Putkunz, Mr Theo 
Hughes and A/Prof Rick Frainch.

have some mass, however small.
For particle physics this was a historic discovery. Its 

Standard Model of the innermost workings of matter 
had been incredibly successful, having resisted all experi-
mental challenges for more than twenty years. However, 
as it requires neutrinos to be massless, the new observa-
tions had clearly showed that the Standard Model can-
not be the complete theory of the fundamental constitu-
ents of the universe.
(Source: http://www.nobelprize.org/nobel_prizes/physics/laureates/2015)

LETTER TO EDITOR
A Footnote to History
Far be it from me to disagree with anything Trevor Fin-
layson and Glen Stewart might say, especially on the 
topic of “Wagga”, on which they are acknowledged ex-
perts, except it were for a purpose which they themselves 
would readily agree is admirable, namely, securing more 
column-inches in Australian Physics for further promo-
tion of the same “Wagga”. Now, to the point. Regarding 
the second logo shown as Figure 1 (b) in their recent ar-
ticle [Australian Physics 52, 158-165 (2015)], they have 
told only half the story, and might have got that half 
the wrong way up, depending on how you look at it. 
The full logo, as it first appeared in the year 2000, is 
shown in the figure that accompanies this note. Obser-
vant readers might discern in the 
logo not only the letters W and 
W but also the letters M and M 
and the insightful among those 
observant readers might go fur-
ther and recognise that the latter 
are the Roman numerals for said 
year. (In other words, or rather, 
in other symbols, W2 2000.) 
Furthermore, band theorists, semiconductor scientists, 
and solid state physicists in general might see the up-
per and lower portions as respectively representing the 
conduction band and valence band of a material with 
equal electron and hole masses. (In the present Dirac-
cone days, four uppercase vees above four uppercase 
lambdas might be more apt.) But there’s more.  The uni-
formly changing colours suggest spectroscopy; not only 
conventional visible spectroscopy, but, by extension, 
infrared spectroscopy, terahertz spectroscopy, electron 
(paramagnetic)spectroscopy, neutron spectroscopy, nu-
clear magnetic resonance spectroscopy,  Mössbauer spec-
troscopy…  methods that inform many areas of Con-
densed Matter Physics. Finally, whilst not intended as a 
Rorschach test, some have seen in it a rainbow serpent.

Roger Lewis. 
University of Wollongong

Response from authors:
We thank Roger Lewis for alerting us to our oversight 
regarding the evolution of the “Wagga” conference’s 
logo.  As Roger explains, the transition from the original 
“Wagga” logo (based on the AIP infinity) to the current 
spectroscopic “WW” logo proceeded via the “Wagga 
2000” millennium version designed by the Wollongong 
University-based organising committee. This oversight 
will be corrected in the electronic version of the article 
when it is made available on the AIP web site.

Trevor Finlayson & Glen Stewart
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AIP Women in Physics Lecture Tour
C A L L  F O R  N O M I N A T I O N S  -  2 0 1 6

The Australian Institute of Physics Women in Physics Lecture Tour celebrates the contribution of women to 
advances in physics. Under this scheme, a woman who has made a significant contribution in a field of physics 
will be selected to present lectures in venues arranged by each participating branch of the AIP.  Nominations 
are currently sought for the AIP WIP Lecturer for 2016. We are seeking a woman working overseas who:

•  has made a significant contribution in a field of physics research
•  has demonstrated public speaking ability
•  is available in 2016 to visit Canberra and each of the six Australian State capital cities and surrounding regions.

Presentations will include school lectures, public lectures and research colloquia, subject to negotiation with the 
various AIP branches and their contacts. School and public lectures are expected to be of interest to non-specialist 
physics audiences, and to increase awareness among students and their families of the possibilities offered by 
continuing to study physics. University lectures will be presented at a level suitable for the individual audience 
(professional or graduate). Air/surface travel and accommodation will be provided.

Nominations should be sent via email to the AIP Special Projects Officer (see information below) using the nomination 
form available from the Women in Physics Lecturer page of the AIP website:

http://www.aip.org.au/info/?q=content/women-physics-lecturer  

Self-nomination is welcomed, as are nominations from branches or employers/colleagues.

NOMINATION REQUIREMENTS 

1.  Completed WIP Lecture Tour nomination form (accessible via the web site listed above) 

2.  Information requested on the nomination form includes the following:

•  nominee’s name and contact details

•  a detailed record of presentations to the general public, schools and media

•  a brief statement of the research area of interest to the nominee

•  an outline of the nominee’s significant contributions to physics

•  references to key publications in which these contributions were presented (via curriculum vitae) 

•   evidence of the nominee’s ability to give a lecture which will excite an enthusiastic response in senior secondary 
and undergraduate students. (NOTE: this requirement must be adequately addressed in order for the nominee 
to be considered for selection)

•   for self-nominations, include the names of two referees who can attest to the ability of the nominee to give 
lectures appropriate for the target audience. 

Closing Date: Monday 30th November 2015
Applications and nominations should be sent by email:
Email: olivia.samardzic@dsto.defence.gov.au 
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Research Beginnings
Professor William Bragg is one of the most distinguished 
professors ever to have been appointed to The University 
of Adelaide, and Sir Lawrence Bragg, one of its most dis-
tinguished graduates. This father and son research team 
discovered and developed X-ray crystallography, which 
revolutionised science and medicine. Yet William Bragg 
(Figure 1) did not begin research until he was 42 years 
old, in Adelaide and with a young family. 

A superb experimentalist and spokesperson for sci-
ence, the Cambridge-educated William Bragg arrived in 
Adelaide in 1886, where he held the position of Elder 
Professor of Mathematics and Physics at the University 
until 1909. He learnt his experimental skills in Adelaide, 
to the point of apprenticing himself around 1887 to 
Sawtell’s optical and watch making business in Rundle 
Street. While there, William recruited Arthur Rogers, 
his invaluable technical assistant. 

Professor Bragg lectured and demonstrated X-rays 
and radio and began his research career in Adelaide in 
1904. He received a visit from Ernest Rutherford in 
1895 and another by Frederick Soddy in 1904. He read 
the scientific literature and was fascinated with, and 
thought deeply about, the new discoveries in modern 
physics, but remained a spectator until, as his daughter 
Gwendolen Caroe says in her biography, “It seemed..
fate gave him a push..”[2]. William Bragg was called 
upon to give a presidential address to ANZAAS, and 
chose to speak about radioactivity. While reading a pa-
per by Marie Curie, he realised that alpha particles must 
pass straight through the indivisible air atoms. He wrote, 
“This was contrary to all the teachings I knew. Still, it 
seemed to be right” [2].  William was given the funds to 
buy a small quantity of radium by a friendly philanthro-

pist, Robert Barr Smith [1]. To investigate his theory he 
began his work on the ionisation and ranges of alpha 
particles from radium in air, for which he was awarded a 
Fellowship of the Royal Society in 1907, the first for the 
young University of Adelaide. 

To perform the investigation, Professor Bragg de-
signed, and Rogers constructed, a precision apparatus to 
measure alpha particle ranges using an ionisation cham-
ber.  As the range is only about 3 centimetres, precise 
readings were necessary. To quote Bragg, in the Caroe  
biography [2]:

“I found that helium atoms of four different ‘ranges’, 
as I called them, were shot out from the radium prepara-
tion, which must belong to the four different active sub-
stances that Rutherford had shown to exist. Then I got 
a hint from Professor Soddy, who was passing through 
Adelaide, that I should dissolve the preparation in water, 
which would wash away three of the active substances 
but leave radium itself, the parent of them all. So I did, 
but horror of horrors, as I brought my measuring appa-
ratus up towards the radium in the way I had learned to 
do, there was no radiation at all when I was well within 
the old range. However, with a very downcast spirit, I 
pushed the apparatus closer still, and suddenly a tremen-
dous effect flashed out. The radium itself sent out parti-
cles of the shortest of the four ranges, not the longest as 
I had thought.”

Other results came “tumbling out”, including the 
Bragg ionisation curve and the well-known Bragg Peak, 
or ionisation maximum, near the end of the range. He 
wrote immediately to Rutherford at Montreal to tell him 
of his discoveries and despatched his first paper to the 
Philosophical Magazine in London [3]. His letter started: 
“Dear Rutherford, I have lately obtained some curious 

William Henry Bragg, Man and Scientist
Nobel Laureate and First Professor of Physics, University of Adelaide 1886 to 1909

John Patterson and Robert George
Foundation members RiAus (Royal Institution of Australia), Adelaide SA 5000

In London, November 1915, a telegram was received at the home of William Henry Bragg from the 
secretary of the Academy of Science in Stockholm announcing the award of the Nobel Prize in Physics for 
“the analysis of crystal structures by means of X-rays”. A second similar telegram was addressed to his 
25 year old son William Lawrence Bragg. This article commemorates the centenary of that event and the 
unveiling of a bust of Sir William Bragg alongside that of his son, Sir Lawrence Bragg, on North Terrace in 
Adelaide where he spent 23 years of his early career.
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experimental results in connection with the absorption 
of the α-rays which are, I think, new.”

To quote Bragg again, “After that research was part of 
my daily life [2].” This work led directly to the offer of 
a professorship in England, and the family left Adelaide 
for Leeds, UK, in 1909. There he carried on a contro-
versial correspondence with Charles Barkla and others 
about the nature of X-rays. In 1905, Barkla had discov-
ered X-rays could be polarised [4]. Despite this, William 
thought they were particles. The issue was clarified by 
Max von Laue ’s discovery, with Friedrich and Knipping, 
of X-ray diffraction in mid-1912 [5].  In 1917 Barkla 
received a Nobel Prize for discovering the characteristic 
X-ray lines utilised by the Braggs for their work.

In 1912, Bragg published a book ‘Studies in Radio-
activity’, MacMillan Press with joint affiliations, Univer-
sity of Leeds and University of Adelaide. In ch 15 he 
developed an equation for gamma ray energy deposition 
in a small cavity in a larger medium. The equation was 
independently derived by LH Gray in 1936 and became 
the well known Bragg-Gray cavity theory, the basis of 
radiation dosimetry.

Early Days in England
To fill in some background to the man William Bragg 
was, we now turn back to the early part of William’s ca-
reer. He was born in Cumberland, England, in 1862, to 
a farming family, well off enough to send him to King 
William’s College on the Isle of Man, where he excelled 
academically in the new public examination system. 
This led him to Trinity College, Cambridge University 
and enrolment in the mathematics program in 1881. 
This culminated in the advanced and rigorous Math-
ematical Tripos, which included what we now call math-
ematical physics. William was surrounded by physics, 
but at the insistence of his tutor, focussed exclusively on 
mathematics for the final examination. He maintained 
his wellbeing by regular games of tennis and walking, 
but his social life was very lonely. He emerged as the 
third “wrangler” or third-highest honours student. Wil-
liam said later he regretted he had not attended other 
lectures and broadened his knowledge [2]. 

In his fourth year William made a deliberate deci-
sion to study experimental physics for the first time. This 
contradicts the popular story that he learnt his physics 
on the ship coming out to Australia, but he is known 
to have been excessively modest at this time. On gradu-
ation with an M.A. in mathematics, William Bragg 
worked in the Cavendish Laboratory for a year, attend-
ing lectures by J. J. Thomson, when an unexpected op-

portunity came up. Thomson suggested he apply for the 
professorship in mathematics and physics at the Univer-
sity of Adelaide. William had only 24 hours to submit 
his application. He applied, not expecting to be chosen.

Figure 1: WH Bragg in 1926 (Bassano portrait, State Library 
of S. A.)

The appointment in Adelaide had been broadened 
to include physics when mathematics professor Horace 
Lamb, author of the well-known textbook Hydrodynam-
ics written in Adelaide, returned to England. Clearly the 
University wanted more value from its new appointee, 
but it was a close thing. Of the small number of candi-
dates, William Bragg got the appointment because the 
more experienced candidate had a propensity for the 
bottle and the appointment committee felt this would 
not go down well in conservative Adelaide, known as 
“the city of churches”. 

It turned out that the interview was conducted in 
London by the South Australian Agent General, Pro-
fessor Lamb and Professor J. J. Thomson, but they also 
consulted the South Australian Postmaster General at 
the time, Charles Todd. Both the appointment and the 
link with Todd were to change profoundly the life of 24 
year old William Bragg. It is interesting to see how the 
lives of Thomson, Todd and Bragg came closer together 
later on through marriage down the generations.
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Adelaide, the Early Years
William disembarked at Glenelg in January 1886, at the 
same place where the first settlers and governor came 
ashore just 49 years earlier to found the “free” colony 
of South Australia and the city of Adelaide.  He became 
one of five professors at the new University of Adelaide, 
with its handsome new Victorian gothic building on 
North Terrace. The colony had 130,000 inhabitants, 
most of whom lived in the country following agricul-
tural and pastoral pursuits. The city had gas lighting, 
wide streets, public buildings, telephone and telegraph 
service to the rest of the world including other states, 
many fine churches, thriving shops and hotels. It was 
a hard-working, prosperous community because of the 
pastoral industry and copper. Wealth from the copper 
mines of Moonta provided the endowment to found the 
University of Adelaide in 1874. Pastoralist Sir Thomas 
Elder provided Bragg’s large salary for the time, £800 a 
year, and other endowments.  

Professor Bragg could have had an easy life in the 
pleasant sunny climate of his new home, but threw him-
self into his academic duties with a rigorous round of 
lectures, practicals which he set up from scratch, and ex-
ternal teaching and public examining. He helped found 
the School of Mines, later the SA Institute of Technolo-
gy, now UniSA. He was elected to the University Coun-
cil and moved to set up an engineering course by the ap-
pointment of Mr Chapman, later Professor Chapman. 
Having experienced the poor equipment first hand at 
the Cavendish, Bragg purchased good quality apparatus. 
The author, John Patterson, remembers using the opti-
cal spectroscopes purchased by Bragg in the first year 
laboratories. 

On the social side, William’s life became much hap-
pier. On his first afternoon in Adelaide he was invited to 
high tea at the home of Charles Todd at the Observa-
tory on West Terrace, where he met the second daughter 
Gwendoline, who later became his wife. He played sport 
and was interested in student issues. He was actively 
involved in the Student Union, obtaining a common 
room which students could use.  A photograph shows 
Bragg in the university Lacrosse team in the Parklands. 
He continued to play tennis, was taught to paint in wa-
tercolours by Gwendoline, and they engaged in local 
theatre performances. He also played golf and helped to 
establish and lay out the Royal Adelaide Golf Club at 
Grange.

William and Gwendoline set up home at Lefevre 
Terrace, opposite the parklands in North Adelaide. In 
March 1890, their first son, William Lawrence Bragg, 
also known as Willie to the family, was born. Three years 

later a brother, Robert Charles, known as Bob, was born. 
Much later, before they left Adelaide, a sister Gwendo-
len (Gwendy) completed the family. Whilst William en-
gaged in a strenuous teaching and later research career, 
Lawrence excelled in mathematics and chemistry at St 
Peter’s College and later earned the degree, BA (Hons) 
at the University of Adelaide at the age of 18. Figure 2 
is a photograph of the family on the steps of their East 
Terrace home in 1902.

X-Rays
We return to the science story. In 1896, less than six 
months after Roentgen’s serendipitous discovery in Ger-
many, William Bragg tried to make an X-ray tube, then 
borrowed one from S. Barbour, manager at a pharma-
ceutical store in Rundle Street, who had recently re-
turned from visiting W. Crookes in London. Bragg also 
borrowed a large induction coil from Charles Todd and 
was able to demonstrate X-rays in a very successful pub-
lic lecture at the University attended by the Governor 
and many leading citizens and their wives. The lecture 
was repeated in the Adelaide Town Hall. 

A short time later his son Lawrence broke his arm at 
the elbow in an accident. Lawrence was brought into his 
father’s university laboratory in the basement at night 
and the arm X-rayed, before being reset in the hospi-
tal [1]. This was one of the first clinical X-rays taken in 
Australia.

Figure 2: On the steps at 207 East Terrace, Adelaide in 1902. 
From left to right, William Lawrence, Gwendoline, Robert 
Charles and William Henry Bragg. The youngest daughter, 
Gwendolen was born 1907. (Photo courtesy Bragg family).

As a physicist, William Bragg concerned himself with 
the nature of X-rays. He initially thought they could 
have a particle character [1]. In 1911 he wrote to Som-
merfeld in Munich, “I am very far from being averse 
to a reconcilement of a corpuscular and a wave theory. 
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I think that someday it must come [1].” The electro-
magnetic wave nature of X-rays was discovered by von 
Laue and his students in Germany in 1912, who showed 
they had a wavelength comparable to the size of atoms 
[5]. News of the result and the diffraction image was 
communicated to William Bragg, by now Professor of 
Physics at the University of Leeds, following his decision 
to accept the offer of the professorship in England. This 
had resulted in the family regretfully leaving Adelaide 
for the UK in early 1909. 

In the summer of 1912, William was on vacation 
with his family at Scarborough on the Yorkshire coast. 
This news of Laue’s work became a keen topic of con-
versation between father and both sons. They argued 
over the difficulties evident in Laue’s interpretation and 
Lawrence took the problem back to Cambridge with 
him where he came up with the correct solution which 
became his, i.e., Bragg’s equation [6]. He verified it at 
Cambridge with the simple structure of a salt crystal, 
sodium chloride.

While his son Lawrence Bragg made the theoretical 
break-through and had an intuitive feel for solving crys-
tal structures, William’s skill with temperamental X-ray 
tubes, and in apparatus design and experiment, came to 
the fore when the two got together at Leeds at Christmas 
in 1912. They were a great combination, each playing an 
indispensable part in their success. William Bragg and 
his son Lawrence were jointly awarded the 1915 Nobel 
Prize for Physics for their experimental discoveries of the 
structures of many crystals including diamond. William 
Bragg was 53 years old. Lawrence Bragg was just 25. 

Sadly, just eight weeks before the award, William’s 

second son Robert was severely injured at Gallipoli, and 
died on a hospital ship off Anzac Cove, and was bur-
ied at sea. Neither William nor Lawrence Bragg went 
to Stockholm to receive their prize. Lawrence was still 
in France at the Western Front, and went after the war. 
William never went, because for him the war had be-
come personal and he did not wish to appear on stage 
with German scientists. He had attended the 1913 
Solvay Conference in Brussels along with the famous 
scientists of the day (Figure 3). He had become one of 
them. As explained by John Jenkin [6], it took much 
longer for Lawrence Bragg to be accepted. 

President of the Royal Society and Public 
Figure
In 1923 the now Sir William Bragg was appointed as 
Director of the Royal Institution in Albemarle Street, 
London. The RI was set up by several well known sci-
entists in 1799, including Henry Cavendish and Count 
Rumford, to communicate science to the public and in-
cluded a highly regarded research laboratory, a library 
and an apartment for the family. It was made famous by 
the work and lectures of Michael Faraday. Bragg moved 
from London University where he had spent the war 
years assisting with scientific war work. He had been in-
vited to give the famous Christmas Lectures to children 
in 1920 on the subject of sound. These demonstration 
lectures confirmed him as a superb lecturer, able to 
communicate science to all ages. The position enabled 
him to do that and become the public spokesperson for 
science at the time; to establish a small research team 
and carry out many public activities, including regular 

Figure 3: WHB at the 1913 Solvay Conference in Brussels, standing 4th from left. Also shown standing on Bragg’s left, Max 
von Laue (5th), Madame Curie (7th), A. Somerfield (9th) and A. Einstein (11th). Front row:  2nd from left, E. Rutherford, 4th, 
J. J. Thomson. Photograph owned by Institut International de Physique Solvay, Brussels, Belgium. 
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broadcasts on the newly established BBC. He continued 
his research with a number of able co-workers including 
Dame Kathleen Lonsdale, the first woman FRS. Hon-
ours came his way – the Copley Medal of the Royal So-
ciety, and the Order of Merit in 1931. 

Then in 1935 Sir William Bragg was elected Presi-
dent of the Royal Society. His rise from a country boy, 
to a professor and conscientious teacher in Adelaide on 
the other side of the world, Nobel Prize recipient with 
his son, and to this high position of great responsibil-
ity surprised him. He could not understand it. He was 
a quiet, modest man, even self-effacing, except when 
it came to questions about science on which he would 
speak passionately. He had few close friends; one was his 
first mentor, Rutherford. 

Sir William maintained his interest in his family and 
his daughter Gwendolen says he was a splendid grand-
father. Summing up, in her biography she says, “Aus-
tralia gave him time to grow ... and gather confidence 
intellectually. He had time to think … long practice in  
teaching and exposition….when later in life he was back 
in England among problems at the centre and in the 
urgency of war years, he forged towards his determined 
goal ... with clear principles, so that his life was rather 
like his manuscripts, well thought out, written without 
crossings out [2].”  His first question was always “How 
can science help?” By example, he led Government peo-
ple “to accept his word that scientists and science were 
‘good things’ for the country” [2]. He died during WW2 
in 1942, aged 80, without returning to Australia. How-
ever, his son Sir Lawrence Bragg did return in 1961 on a 
public lecture tour, visiting all states.

To complete the story, Lawrence eventually followed 
Rutherford to Manchester and to the Cavendish Labo-
ratory following Rutherford’s death. With brilliant col-
leagues, he carried the successes of X-ray crystallography 
to new heights [1,6]. Lawrence’s daughter Patience later 
married David Thomson, J. J. Thomson’s grandson, son 
of G. P. Thomson. The family shared four Nobel Prizes, 
surely a record. Charles Todd, Bragg’s father in law, Post 
Master General of S. A., government astronomer and 
builder of the Overland Telegraph in 1872 was made a 
Fellow of the Royal Society in 1889, the year that Wil-

liam Bragg and Todd’s daughter Gwendoline, were mar-
ried. Todd was knighted in 1893 but died in 1910 the 
year after his daughter left for England with William. 

Gwendoline Bragg died while the family was living 
at the Royal Institution. William placed a large sculpted 
plaque in the entrance hall, featuring Davy and Faraday, 
and on the bottom it reads “In memory of Gwendoline 
Bragg 1870-1929”. 

A bust of Sir Lawrence Bragg was unveiled on North 
Terrace Adelaide, outside of Government House in 
2012, in a ceremony organised by RiAus to commemo-
rate the centenary of X-ray diffraction, for which von 
Laue received the 1914 Nobel Prize.  On 2nd December 
this year, 2015, to commemorate the Braggs’ Nobel cen-
tenary, a bust of Sir William Bragg, sculpted by Robert 
Hannaford, a well-known South Australian artist, will 
be placed next to Sir Lawrence as a permanent memorial 
of this amazing father and son collaboration with deep 
roots in Australia.
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Introduction
In this article a description will be given of how a physi-
cist can help electrical engineers untangle a complex 
sparking problem. Because most of the physics is simple, 
and well known, the account will not be a dry compact 
physics paper but a rather colloquial account of how a 
physicist can solve an industrial problem.

The precipitators use a multiple parallel wire-cylinder 
configuration to remove sulphuric acid mist from the 
gas stream of a nickel smelting process. There were eight 
precipitators arranged in pairs in series giving four sepa-
rate gas-streams. High current sparks were observed and 
electric shocks received by workers on the exterior of the 
6 m diameter, 25 m high fibreglass tanks containing the 
precipitators (Figure 1).  Even when an individual pre-
cipitator pair was switched off for maintenance severe 
shocks were received from discharges on other active 
precipitators; this meant that the entire plant had to be 
shut down to replace one wire, at a cost of considerable 
losses in production. Thus, a solution had to be found, 
and the health hazard evaluated. Many experts from 
Australia and overseas were consulted, and the general 
conclusion was that the problem was due to electrostatic 
charging of the fibreglass tank that enclosed all the wires 
and cylinders. It was thought that the solution was to 
connect the precipitators back to earth with lots of cop-

per. Some suggested enclosing the precipitators in a cop-
per or chicken wire cage. Notably, none of the consult-
ants made any measurements.

Figure 1: The acid mist precipitator at Kalgoorlie showing 
four of eight precipitators arranged in pairs in series.

I became involved via a very indirect route: an electri-
cal engineer with the producer was determined to solve 
the sparking problem and he consulted a research scien-
tist at CSIRO Minerals Research to ask if CSIRO had 
anyone who could help. The scientist suggested me as 
he had heard a seminar of mine on electrical corona and 
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A nickel producer had a serious sparking problem with their complex of eight electrostatic precipitators 
near Kalgoorlie, Western Australia. Even when an individual precipitator was switched off for 
maintenance severe shocks were received by staff. It was thought to be an electrostatic problem due 
to charging of  the fibreglass tank containing the precipitator tubes. DC measurements of the voltages 
external to the chamber were all zero, indicating that there was no electrostatic charging problem 
present. Transient measurements showed 500 kHz voltages of up to ~ 50 kV and currents ~ 4 kA 
lasting for ~ 20 μs. It was then discovered that electrical breakdown was occurring in the wrong part of 
the circuit, generating the high voltages. Analysis showed that the energy of the shocks received was 
within the guidelines specified for electrified fences. However, they were creating a very poor working 
environment and damaging equipment. Extensive modifications were undertaken and subsequent 
measurements showed that the voltages and currents external to the precipitator were reduced by two 
orders of magnitude. Maintenance could now be carried out on a pair of precipitators while the plant 
kept running, saving millions of dollars annually. 
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breakdown. Luckily, I had left CSIRO a couple of years 
earlier and was free to work on the problem. Otherwise, 
CSIRO would have considered the project too small and 
managers and lawyers would have got in the way. I had 
no manager, and I agreed to visit Kalgoorlie.

Equipment and People
I had no laboratory except for the storage space under 
my house where I ran some HV tests, and no equip-
ment besides a multi-meter and a hand-held electric 
field meter. I had no real idea about what was going on 
in Kalgoorlie. I picked up on the idea that the fibreglass 
tank would charge up electrostatically. This seemed rea-
sonable because there were -100 kV corona wires charg-
ing the mist of acid droplets for collection. One could 
imagine those droplets carrying charge to one end of the 
fibreglass tank  and building up charge until there was 
a spark breakdown. An experiment to test this idea was 
devised.

I assembled a suitcase full of equipment to measure 
the DC voltages I anticipated; luckily I included an 
oscilloscope to measure the discharge characteristics. I 
borrowed a Tektronix high-voltage probe from CSIRO, 
bought a “Dick Smiths” DC HV probe, and hired a 
Fluke portable digital storage oscilloscope and a laptop 
for storing results from “TechRentals”.  

I had been a theoretician for the past 15 years work-
ing on corona and spark theory, so I engaged a friend, 
Frank Berg, who is a retired electronics expert from 
CSIRO, to come with me to ensure I could record data. 

The First Measurements and Discovery of 
the Real Problem
To my surprise the first measurements indicated that 
there were no DC voltages anywhere, nor were there DC 
electric fields except near the HV input. We discovered 
that the inside of the fibre-glass tanks are coated with 
dilute sulphuric acid and are very conducting. In fact the 
insulators that bring the high voltage into the tank have 
a cylinder around them called a corona shield through 
which hot dry air is continually blown to keep the acid 
mist from the insulators. Thus there was never any pos-
sibility of electrostatic charging causing the sparking; we 
knew none of this at the start.

I now had no theory,  but I did have the Fluke oscil-
loscope; so, I connected one probe to the earthed metal 
platform and the other probe to a small sheet of alumin-
ium I found lying around. I heard a spark and there it 
was, a 500 kHz damped sine-wave lasting 20 µs, similar 

to that shown in Figure 2(a). The problem was caused 
by very fast high voltage transients generated by the 
sparking; static charges played no role. Surprisingly the 
highest voltages, ~ 50 kV peak, were measured on the 
earth-ring (Figure 5(a)) that went around the precipita-
tor about 1.2 m above the platform we were standing 
on. The earth-ring provides the earth connection for the 
lead outer cylinders of the precipitator tubes.

I considered the possibilty that the problem was a 
capacitor discharge with low resistance and inductance 
like those I had used to launch “Alfven Waves” during 
my PhD research. I thought the capacitance must be the 
parallel array of 178 cylinders 0.3 m in diameter and 4.0 
m long with corona wires down the centre at – 100 kV. 
I needed to know the capacitance of this array. I had 
no books with me so I rang Robert Carman from Mac-
quarie University; within an hour he called back with 
the information that C = 14.4 nF. I knew that one metre 
of a substantial conductor had an inductance of  about 
1 µH; I estimated L = 5 µH for the discharge circuit. 
I calculated the possible frequency of such a discharge 

Figure 2(a): Measurement of the 500 kHz  dominant signal  
on the earth ring from oscilloscope trace, voltage not to 
scale, peak voltage ~ 50 kV

Figure 2(b): Calculated earth ring voltage with 4 kA peak 
current and an inductance ~ 3 µH.
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from the corona cylinders:  f = 1/2π(LC)1/2 = 593 kHz; 
I was in the right “ball park”. The next problem was to 
work out how this discharge produced such high volt-
ages outside the system.

The 500 kHz signal was the most common signal, 
but not the only signal. Sometimes a 1.3 MHz signal 
was obtained, and even higher frequency signals. Thus 
there was more than one discharge path, as will be dis-
cussed below. 

Analysis and Revelations 
Back in Sydney I tried to model how the discharge from 
one of the wires to the outer cylinder (which is what I 
was told was happening) could possibly lead to the volt-
age measured on the earth-ring. A simple capacitor, in-
ductance and low resistance circuit could reproduce the 
signal. However, all the complex circuits I devised in-
cluding the earth-ring led to solutions with exotic wave-
forms that were nothing like the measured ones. 

The engineer put me in touch with another consult-
ant who said: “You know the discharges are occurring 
on top of the transformer/rectifier set”. It turns out that 
at that point a clumsy safety device for shorting the 
transformer was installed with lots of nuts and bolts 
and sharp edges on the high-voltage side which caused 
corona and breakdown. This was the answer. Once the 
system broke down at that point the return path for the 
current from the corona wires to the outer lead cylinders 
was via the earth-ring. The simple model circuit was ap-
propriate with part of the inductance being the earth-
ring inductance; Figure 2(b) shows a calculation for the 
voltage on the earth-ring with a maximum voltage of 50 
kV. This was a good example of the application of Oc-
cam’s razor [1].

From the simple model I calculated a peak current of 
4 kA. With that current oscillating at 500 kHz and pass-
ing through an inductance of  ~ 1 µH it is not surpris-
ing such high voltages were generated on the earth-ring. 
From my readings I learned that the proper way to track 
down such transients was to follow the current paths.

The Second Set of Measurements at 
Kalgoorlie
With my new insights I returned to Kalgoorlie with a 
Pearson “clip-on” high-frequency, high-current trans-
former and a commercial Rogowski coil 1.5 m long. I 
verified the existence of the large currents flowing from 
the transformer/rectifier earth leads to the earth-ring 
which correlated with high voltage measurements on 

Figure 3(c): The modified corona shield “bell” with a lead 
“doughnut” welded onto the edge to increase the radius 
of curvature at this edge and suppress streamer emission.

Figure 3(a): Original corona shield showing discharge 
marks on the outer rim of the “bell”, and unexpectedly 
down the central conductor on the lower edge of the photo.

Figure 3(b): Solution of Laplace’s equation for the corona 
“bell”; the arrows indicate the electric field direction with 
the length representing the field strength.  The central 
conductor is negative;  positive streamers are generated 
in the high electric field on the earthed corona shield and 
follow the electric field lines to strike the central conductor  
lower down its length, as in a).
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the earth ring. There were several current paths and I 
measured 2.5 kA in one and 0.7 kA in another. Meas-
urements on the earth lead to the corona shield (used 
for the insulation protection airflow) identified the 1.3 
MHz as being the signal due to a breakdown at the co-
rona shield, as discussed below. The 500 kHz discharges 
were by far the largest and they shocked the entire struc-
ture into oscillation right down to the earth rods at the 
base of the structure where 500 kHz signals with a peak 
current of 8 A were measured. The source of the highest 
frequency signals that were occasionally measured was 
not found; these were probably wire-cylinder discharges 
well inside the precipitator.

Discharge on the Corona Shield
The position of the discharge on the corona shield that 
generated the 1.3 MHz signal was something of an enig-
ma. In photographs such as Figure 3(a) discharge marks 
can clearly be seen as orange and dark “pit marks” on 
the edge of the corona shield “bell” and lower down the 
negative central shaft which is at -100 kV during opera-
tions. The enigma is that marks on the HV shaft are well 
below the end of the corona shield bell and no marks 
are seen further up the shaft where the gap is least. Such 
discharge path anomalies occur at low pressures due to 
the nature of the Pachen curve, but not at atmospheric 
pressure.

Laplace’s equation was solved using “FastFlo” (a 
CSIRO,  commercially available code) to produce the 
electric field distribution shown in Figure 3(b). An en-
hanced electric field was found at the bottom edge of 
the corona bell, which is positive; positive corona would 
develop at this point including positive streamers which 
follow the electric field lines to strike the central con-
ductor well below the bell (Figure 3(b)). The streamer 
conducting path would then heat, forming an electric 
arc which caused the damage.

The intense electric field at the edge of the corona 
shield can be reduced by increasing the radius of cur-
vature at this point; placing a 10 mm lead doughnut 
around this edge was shown from solutions of Laplace’s 
equation to reduce the electric field below the corona 
onset field. This was put in place on all the precipitators, 
as shown in Figure 3(c). No further 1.3 MHz signals 
were detected, nor other current pulses in the corona 
shield earth lead.

Shocks from Inactive Precipitators
The original problem of workers receiving shocks when 
they tried to service inactive precipitators while other 

precipitators were operating, had not yet been identi-
fied. While it was clear that sparks on the operating pre-
cipitators caused the problem, the mechanism involved 
was not known.

While sparking was occurring on three working lines 
of precipitators, measurements were made inside an in-
active pair of precipitators; a typical measured voltage 
signal from one of the precipitator electrodes is shown in 
Figure 4(a). This signal looks like the “beating” between 
two resonant circuits not quite in tune. One resonant 
circuit is created when one of the precipitators breaks 
down with an electric arc forming a low resistance con-
nection for a short time. 

Figure 4(a): Measured actual voltage signal on the HV 
electrodes of an inactive precipitator caused by a resonant 
coupling to a discharge on an active precipitator..
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Figure 4(b): Calculated voltage signal using model 
equations and resistive coupling via the acid coated 
pipework.

The other resonant circuit is inadvertently created by 
shorting the electrodes to earth on the inactive precipita-
tor with a safety rod. The safety rod earths the electrodes 
of a precipitator to ensure no inadvertent activation.

The only problem left to work out was what the  
mechanism was that allowed the coupling between ac-
tive and inactive precipitators to occur. The fibreglass 
tank was too conducting with its inner coating of sul-
phuric acid to allow radio or capacitive coupling, and 
inductive coupling could not be made to work. The only 
option left was resistive coupling. The coupling was as-
sumed to be via the acid-soaked pipework carrying the 
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acid mist to all the precipitators; these pipes are of large 
diameter and therefore of low inductance.

The equations for the two resonant circuits with re-
sistive coupling were solved in a time-stepping manner 
to produce the results shown in Figure 4(b). These re-
sults agree very well with the measured signal shown in 
Figure 4(a). The problem was caused by the DC safety 
measure that created the second resonant circuit.

Equations including inductance can be difficult to 
solve in a time-stepping manner due to the “stiffness” of 
the equations that demands small time steps for stabili-
ty; however, the time-step limitation is eliminated by us-
ing semi-implicit discritisation. A two-step Runge-Kutta 
method is used and Cramer’s Rule is used to directly 
solve the resultant set of equations.

Modifications to the Precipitators to 
Overcome the Sparking Problems
After I presented my reports I was invited to a meeting 
of managers and engineers in Sydney where I presented 
my results. When I was finished they asked what they 
should do. I told them in detail, and to their credit they 
did everything I prescribed.

Briefly the modifications on all the precipitators were 
as follows:
1)  The clumsy earthing system on top of the transform-

er/rectifier system with all its sharp edges and nuts 
and bolts was completely removed.

2)  The busbars from the transformer/rectifier up to the 
input to the precipitators (~ 5 m long) were replaced. 
The original was ~ 20 mm diameter and operated 
within 80% of the corona onset electric field; the re-
placement was  120 mm diameter and would operate 
a factor of 2.5 below the corona onset field, a safe 
margin.

3)  Any bends in the busbar were rounded with a large 
radius of curvature and no sharp edges.

4)  The bolts connecting the busbar to the transformer/
rectifier set were covered by a 125 mm sleeve that slid 
up the busbar for making the connection and down 
over the bolts during operation.

5)  The corona shield sparks were suppressed using a 10 
mm lead doughnut attached to the rim, as discussed 
above.

6)  The solution for the voltage coupling to inactive pre-
cipitators was to include a large inductance, ~ 1 mH 
choke, in the earth lead used for eathing the precipita-
tor’s electrodes. In this way the resonant frequency of 
the inactive precipitator is shifted a long way from the 

exciting frequency, so no resonance can occur. How-
ever, the DC safety protection remains in place. I am 
not sure if this measure was ever implemented; it may 
not have been necessary once improvements 1-5 were 
implemented.

7)  The engineer wanted to be absolutely sure that if any 
spark occurred on the busbar that nobody would get 
a shock. I suggested reducing the inductance of the 
earth-ring and its connection to the transformer/rec-
tifier to a minimum by using a broad copper conduc-
tor. See Figure 5(a) for the original earth-ring, and 
Figure 5(b) for the modifications.

Figure 5(a): Original earth ring where the highest voltages 
were measured at the left upper region; the transformer/ 
rectifier is in the background on the right.

Figure 5(b): Modified low inductance earth ring and earth 
connection to the transformer/rectifier set. Part of a 
renewed outer busbar can be seen above the transformer.

The Results of the Modifications
When the precipitators were turned on following the 
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modifications, they ran at full voltage with very few 
breakdowns. Previously, they had been running at 80-90 
% of full voltage with many breakdowns. Since precipi-
tator efficiency depends on the square of the voltage this 
meant a great improvement in efficiency of collection 
and less time-out periods while the voltage recovered.

The measured signals when there was a breakdown 
were largely noise, and at least two orders of magnitude 
below those on the old system. No 500 kHz or 1.3 MHz 
signals were detected, which meant that no busbar or 
corona shield breakdowns were occurring. A deliberate 
breakdown was forced on one of the busbars (this was 
very hard to do) and the voltage measured on the earth-
ring was found to be considerably reduced.

It was frustrating that there are still breakdowns and 
there are still places where the engineering is not good 
enough. In my opinion a system with a steady load of 
acid mist that will suppress sparks should never break 
down unless the design is seriously at fault. However, 
most research projects end with more work to be done, 
and this study was no different.

Electrical Hazard Posed by the Old 
Precipitator Configuration
The null results for the DC measurements meant that 
there was no accidental contact with the 100 kV applied 
voltage, or any electrostatic charging problem.

The Australian Standard AS3859-1991 [3] does not 
deal with such fast transients, but does refer to the work 
of Professor Dalziel [4].  Dalziel’s criterion for impulse 
voltages is that the borderline between “reasonably safe” 
and dangerous was at a value of I 2T = 0.108, where I is 
the peak current and T the duration of the pulse. If we 
assume the worst case to be a peak voltage of 50 kV, the 
pulse duration to be 6 µs (the pulse decay time for the 
500 kHz signal), and the resistance of the human body 
to be  1kΩ, then we evaluate Dalziel’s criterion to be 
I 2T = 0.015. This is well below Dalziel’s criterion for the 
pulses being dangerous.

Some guidance can be obtained by consulting the 
Australian Standard AS/NZS 3350.2.76:1998, [5]. 
This standard defines that the energy limit for electri-
fied fences is 5 joules delivered in less than 10 ms. If we 
assume the peak voltage was 50 kV, and lasted 2 µs, and 
the resistance of the human body to be 1kΩ, we evaluate 
the power then to be 5 joules. Thus, the worst case was 
on or just above the limit for the power delivered by an 
electrified fence. However, the pulse duration is much 
shorter that in the Electric Fence Standard and would 

probably have less effect.  Hence some tenuous agree-
ment with Dalziel’s criterion can be claimed.

In conclusion, the electric shocks experienced were 
not hazardous to heath in themselves being more like 
the shock from a spark-plug of a car or a kick from an 
electrified fence; however, it is very dangerous to receive 
such shocks on a platform 50 m above the ground, or 
inside a precipitator, with involuntary movements hap-
pening and tools dropping from 50 m.

Conclusions
Physicists can indeed help in Australian industry and 
augment the work of electrical engineers because their 
culture is very different, less practical and more aca-
demic, so that problems can be looked at from a very 
different viewpoint. Once the problem was understood 
the physics of the solutions was not very difficult; it was 
largely standard high voltage engineering. However, to 
find the problem it was essential to understand that once 
a spark had turned into an arc a new oscillating high-
current circuit was momentarily created. Similarly, by 
shorting out the electrodes of an inactive precipitator 
a similar oscillating circuit was created. The physics of 
positive corona that lead to the formation of a positive 
streamer from the corona shield bell was rather esoteric 
knowledge.

The progress of my understanding of the problem 
followed Karl Popper’s [2] description of the formation 
and falsification of theories with model calculations be-
ing an essential part of the theoretical development. The 
revelation that the problem was due to transients caused 
by sparks, rather than electrostatic charging, was a mini-
paradigm shift for the nickel producer as described by 
Thomas Kuhn [2] complete with someone left behind 
with the old ideas. My biggest lessons from the study 
were to follow the current paths when dealing with such 
a problem and to disbelieve anything one is told until it 
can be independently verified, if that is possible.

My path to being involved in the project was very 
tenuous and indirect; via presenting a seminar on electri-
cal corona and sparks heard by a scientist from CSIRO 
Minerals Research. I no longer worked for CSIRO so 
it was lucky I could be found. A web search would not 
have found me. Australia should be able to do better 
than that! Australia needs a new independent body 
which manages two registers: one that catalogues experts 
available for consultations, and one listing industrial 
problems in search of an expert. 
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Sculpting entanglement
Stephen T. Hyde
Applied Mathematics, School of Physical Sciences, Australian National University, Acton ACT 2601, Australia 
stephen.hyde@anu.edu.au

and

Robert Owen
Fine Art Studios, 5 Budd Street, Collingwood 3066 Victoria, Australia 
robert@arterycoop.com.au

We discuss an extended dialogue, sometimes accidental, between a sculptor (Owen) and a physicist 
(Hyde). Both are interested in the nature of form, and the space(s) in which those forms are constrained 
to live.  Owen’s constructions of convoluted space frames related to polyhedra led to Hyde’s exploration 
of the nature and characteristics of entanglement in polyhedral edge graphs. Enumeration of tangled 
cubes by Hyde then led to new sculptures. The “conversation” has been informal, very slow, and aimless. 
The result has been a fascinating cross-cultural tour for both protagonists 

1. Introduction
Ten years ago, Peter Harrowell, a chemical physicist at 
Sydney University, sent SH1 an image of a sculpture he 
had seen at the Art Gallery of NSW, shown in Figure 
1(a). This is one of a series of sculptures made then and 
since by RO. 

“I was kind of intrigued”, Peter wrote, “this is an 
eight vertex 3-fold net with the topology of a cube yet 
it clearly is entangled - a sort of self inter-penetration 
(sounds a bit unsavoury).”

SH too was intrigued and wondered how that form 
related to the more usual cube graph, with its six square 
loops, joined three by three. Within the language of 
graph theory, it was indeed an embedding of the cube 
graph, with 12 vertices, all of degree three (Figure 1(b)). 
For example its “coordination sequence” - an integer 
sequence that describes the number of vertices reached 
from a root vertex, is {1,3,3,1}. This is clear from a draw-
ing of the cube graph of Figure 1(c) recognising that all 
outermost vertices are glued to form a single vertex. 

Peter Harrowell’s key observation -- to SH at the time 
-- was that the structure was “entangled”, with thread-
ing of edges through the quadrilateral cycles, giving rise 
to knots in the embedding. Here was an extraordinar-
ily beautiful, yet conceptually simple example of a phe-
nomenon that SH had been thinking about in a far dif-
ferent context for some time, stimulated by a fascinating 
observation from another colleague, Davide Proserpio, a 
structural chemist in Milan. He noted that the structural 
skeleton of a complex metal-organic framework mate-
rial, appeared to be topologically identical to diamond: 
its (infinite) coordination sequence and cycles matched 
those of the diamond net, well known to all solid state 

scientists (as, for example, the covalent bonding frame-
work in actual diamond, with sp3 carbon atoms at the 
vertices). Yet this “diamond” net was also entangled, and 
could only be realised from the usual diamond pattern 

Figure 1: (a) RO’s sculpture Vessel #2 from the series Cubes 
and Hypercubes (2003). Photo, Art Gallery of NSW, Robert 
Owen, Different Lights Cast Different Shadows, 2004.  
(b) Standard “untangled” embedding of the cube graph 
in 3-space. (c) Representation of the cube graph in the 
extended complex plane (the three outermost vertices are 
glued to give a single vertex.

(a)

(b) (c)

1  Here we abbreviate the authors as SH (Stephen Hyde) and RO (Robert Owen).
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by breaking bonds, and rethreading them through cy-
cles, changing the crossing order of edges in projection. 
This was a beautiful example of a self-entangled network 
pattern; far more complex than more familiar knots 
(which can be analysed as entangled loops). But classifi-
cation of this tangled diamond pattern seemed hopeless: 
it was a union of an infinite set of branched knots, rather 
than a simple knot or link, and there was no privileged 
projection from 3-space to the two-dimensional plane 
that simplified the entanglement. 

In contrast, RO’s Hypercube, with just eight vertices 
and twelve edges, was far more manageable; an elegant 
and possibly tractable example of a more generic and ut-
terly unexplored phenomenon: entanglement of a rela-
tively simple finite graph, that of the cube. 

2. Tangled cubes
RO’s constructions in Hypercube and related sculptures, 
such as the Florentia models (Figure 2), though each 
geometrically different, are nevertheless topologically 
equivalent to the cube graph, all sharing the cube coor-
dination sequence. They can be bundled into two class-
es: those that can be deformed into the usual Platonic 
form of the cube graph in three-space by a sequences 
of movements that change only edge lengths and vertex 
angles, and those whose homeomorphisms require edges 
to pass through each other to form the standard cube, 
thereby changing the mutual threading or edges. The 
former are “untangled” and the later “tangled” cubes. 
Untangled polyhedral graphs, like the cube, are readily 
defined in topological terms: they are (in the language of 
graph theory) “planar embeddings” and can be traced on 
the surface of a sphere (S2) via an “ambient isotopy” that 
does not require phantom crossings of edges through 
each other. In contrast, tangled examples cannot be 
untangled without allowing edges to pass through each 
other. 

For some time, SH called these tangled cases “knot-
ted cubes”. The analogy is clear: mathematicians define 
knots as embeddings of loops (S1) that cannot be mor-
phed into the “unknot” (that can be drawn in the plane 
without crossings) without phantom crossings, and so 

knots cannot be unknotted without cutting and recon-
necting the loop. Like all graphs, cube graphs can be 
thought of as branched loops (with branch points at 
their vertices). So understanding of tangled graphs, like 
RO’s tangled cubes, seemed to demand extension of the 
tools of knot theory to branched knots. Perhaps then, a 
useful ranking of tangled nets, including Owen’s cubes 
and Proserpio’s metal-organic framework, could be con-
structed from concepts in knot theory. Given the com-
plications of knot theory, that task alone was daunting 
enough, but worth exploring. A simple  scalar measure 
of knot complexity is a “knot energy”, introduced  by 
Fukuhara [1] and O’Hara [2] as analogues of electro-
static arrays, and  Moffat [3] from the viewpoint of fluid 
dynamics. Since then, various formulations of knot en-
ergies have been explored [4,5].

An interesting route to that goal was the notion of 
“tight knots”. This approach was appealing in its physi-
cal aspect, in contrast to the more abstract algebraic in-
variants of knot theory, such as the celebrated Conway 
and Jones polynomials [6]. Tight knots are embeddings 
of knots that minimise the knot arc length, assuming the 
knot is a flexible tube with uniform thickness, impos-
ing excluded volume constraints. A useful, though not 
unique, ranking of knot energies is related to the ratio 
of arc length to thickness, the “ropelength”. This idea  
has been explored from the late 1990s, in mathematical 
contexts. Its applications of physics are many and var-
ied, from “glueballs” of high energy physics [7], to gel 
electrophoresis of knotted DNA [8] and the breaking 
strength of good old-fashioned physical knots [9]! A use-
ful numerical algorithm that often -- though not always 
-- converges to a likely shortest ropelength is the SONO 
algorithm [10]. A number of deep and more widely ap-
plicable questions surround the notion of knot energies, 
and a sensible definition of such an energy. For example, 
we can ask whether the most symmetric embedding of 
a knot in three-space is one of lowest energy? For many 
definitions of the energy, the answer is often no. Tight 
knots, in contrast, are often realised as very symmetric 
objects. 

The SONO algorithm was extended  to the “PB-SO-

Figure 2: Robert Owen’s Models for Florentia (painted steel), 2006.
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NO” algorithm by Myf Evans, while she was a PhD stu-
dent with SH and Vanessa Robins, in order to explore 
tight embeddings of graphs (or branched knots) [11]. 
Here too the results were encouraging, since (in particu-
lar) relaxed embeddings of simple unknotted graphs, 
like the unknotted cubes (Figure 3(a)), were equivalent 
to those of the familiar structures of symmetric Platonic 
cube edges (Figure 3(b)). Better still, knotted examples 
of simpler nets, like RO’s cube sculptures (Figure 3(c)), 
converged readily to fixed configurations (Figure 3(d)). 

Most encouraging of all, relaxed embeddings of infi-
nite periodic nets were virtually indistinguishable from 
the canonical barycentric embeddings (with maximal 
volume and equal edge lengths) realisable by Olaf Del-
gado Friedrichs’ and Mike O’Keeffe’s equilibrium place-
ment algorithm [12]. If these relaxed untangled nets 
converge to geometries of the most symmetric barycen-
tric embeddings, it is surely reasonable to impose the 
same energy on tangled nets, and rank their entangle-
ments by their ropelength. It seemed, then, that a quan-
titative handle on the degree of complexity of Proserpio’s 
“tangled diamond” net was in sight. 

But further exploration of tangled graphs forced us 
to think more deeply about entanglements.  

3. Tangled graphs
Our assumption that entangled graphs were really just 
branched knots (or links) was rudely shattered by con-
struction of an entangled theta graph, illustrated in Fig-
ure 4(a).  Evidently, this embedding is tangled, as the 
loops are threaded and cannot be separated. But all loops 

are themselves unknotted. Further, we cannot locate tan-
gled links in the embedding composed of multiple loops 
whose vertices belong to one loop only. (Try it!) This 
example demonstrated that entanglements in graphs can 
be more complex than generalised branched knots. Here 
was a new entanglement motif that had no counterpart 
in knots (or links). We called this motif a vertex ravel, 
since it is localised to the (three) edges emanating from a 
single vertex; one could contain it within a ball centred 
on that vertex [13]. (We later realised that this specific 
ravel was known to knot theorists, and had in fact been 
described earlier by Kinoshita [14].) The existence of 
ravels means that the phenomenon of tangling in graphs 
is a more complex issue than that of knots alone. Given 
the mathematical difficulties of knot theory itself, expli-
cation of entanglement of graphs is evidently a complex 
challenge.
This example allowed SH and his students to construct 
extended families of ravels or various types [13], which 
we proposed as potential entangled structures in materi-
als, particularly framework materials, such as the tan-
gled diamond structure described by Proserpio et al. 
Entanglement in these materials is unsurprising, since 
their structural networks contain long, polymeric edges, 
whose capacity to intertwine grows with their length. To 
our surprise, a first “ravelled” framework molecule was 
synthesised and recognised shortly afterwards by Aus-
tralian chemists, in a metal-organic material [15].   

Figure 4: (a) An entangled theta graph: a simple vertex 
ravel. (b) Embedding of the ravel on a genus-two bitorus. 
(c) Embedding of the ravel on a genus-three tritorus. The 
ravelled theta graph cannot be embedded on the (genus 
zero) sphere, or the (genus one) torus without edge 
crossings. 

Why was the ravel so complex? In contrast to the 
untangled polyhedral graphs, that embed in the (genus-
zero) sphere, and the simpler tangled polyhedral graphs, 
that embed in the (genus-one) torus, the ravel appeared 
to reticulate only in a more complex topological object, 
namely the genus-two bitorus and more complex mani-
folds (Figures 4(b, c)). The addition of  “handles” to the 
topologically simpler sphere and torus, to form the bi-
torus (or tritorus) allows the graph edges to mutually 
entwine sufficiently to form a ravelled embedding.  This 

Figure 3: (a), (c) Untangled and tangled A-type cube 
isotopes. (Note the edge crossings.) (b), (d) Tight 
configurations of the untangled and A-type tangled cubes, 
calculated by Myf Evans [11].}

(a)

(c)

(b)

(d)
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surface reticulation suggests a novel approach to classifi-
cation of entangled graphs, namely their exploration as 
reticulations of  underlying two-dimensional manifolds. 
And advances in tiling theory in recent years [16,17,18] 
can be adopted to systematically enumerate reticulations 
of two-dimensional surfaces of arbitrary topological 
complexity. Thus, for example, polyhedral graphs can be 
enumerated (to an arbitrary degree of complexity) via 
enumeration of tilings of the sphere. And we can like-
wise enumerate tangled polyhedral graphs by exploring 
tilings of the genus-one torus, the genus-two bitorus, 
etc. A first classification of the complexity of a specific 
entanglement follows from the (lowest) genus of the un-
derlying two-dimensional manifold (assumed for now 
to be oriented for simplicity) that can be reticulated to 
form that tangled embedding. 

This approach led to a first  enumeration of the 
simplest tangled cubes by exploring embeddings of the 
cube graph on the torus [19]. In particular, SH chose 
to enumerate simpler distinct isotopes -- all cube graphs, 
but with distinct entanglements of edges that cannot 
be morphed into each other via ambient isotopies  --  
with equal faces on the torus. The imposed condition 
-- supposed wrongly to be a natural constraint for any 
cube isotope -- was that no cycle be longer than the larg-
est non-intersecting cycle in the cube itself, namely the 
Hamiltonian cycle with eight vertices. Since the cube 
graph has degree-three vertices, this constraint amounts 
to enumerating less wound tilings of the torus by the 
graphene {6,3} net, containing just eight vertices. Five 
such examples were found, four of which can be readily 
drawn with straight edges. Recall that the conventional 
(untangled) cube has six square faces, forming a (topo-
logical) cube. These five simplest tangled cubes -- from 
the “A-type” to the “E-type” cube -- contain just four 
hexagonal faces, wrapped on a torus. One family of 
embeddings, whose curved edges are derived from the 
underlying torus geometry, is shown in the top row of 
Table 1. Equivalent entangled forms can be produced by 
many different geometric embeddings. Some examples 
with straight edges for the A- to D-type cubes are illus-
trated in row 2 of the Table. 

The “tangled  cube” constructions of RO can also be clas-
sified within this taxonomy. Thus, for example, Vessel #2 
and some (though not all) of the Florentia constructions 
are A-type cubes. Examples of both A-type and untan-
gled cubes are listed in Table 1. 

As a result of the catalogue of straight-edges A- to 
D-type cubes, RO constructed a number of new cubes, 

entangled and untangled, moulded to give more aes-
thetically powerful embeddings. That process is one that 
-- like the mathematical analysis of torus embeddings 
described above -- morphs between three and two di-
mensions. RO’s tangled constructions emerge by the 
following processes. First, a three-dimensional euclid-
ean embedding of a graph, such as a conventional cube, 
is projected to the plane (two-dimensional euclidean 
space). Vertices are then moved around in the plane, 
then fixed, settling their x,y coordinates. Their z coor-
dinate in (euclidean three-dimensional) space is then 
chosen by fixing a height on vertical sticks placed at the  
x,y sites. Evidently, this operation need not preserve the 
entanglement of the initial embedding. 

More recently, a new series of cube constructions 
were built by RO, via the same projection method. Some 
of those newer constructions however, were made from 
initial embeddings that were themselves tangled, namely 
the straight-edge embeddings illustrated in the second 
row of Table 1. Once again, the entanglements of the 
initial embeddings were not necessarily maintained dur-
ing the process. The resulting Thought Form construc-
tions depict a wider spread of tangled forms, from the 
untangled case, to A- to C-type cubes, listed in Table 1.   

SH’s topological approach to enumeration of toroi-
dal polyhedral graphs led to a comprehensive enumera-
tion of tangled tetrahedral, octahedral and cube graphs 
via embeddings in the torus by Toen Castle [20]. This 
enumeration removed any constraints on largest cy-
cles, revealing an infinite universe of possibilities. Once 
again, RO’s work provided some inspiration. SH had 
noticed many examples of unidentified tangled polyhe-
dra among the sculptures in RO’s studio. At a glimpse, 
these appeared to be tangled dodecahedra. Systematic 
enumeration of toroidal tangles of dodecahedra is a 
tricky computational task, given the size of the dodeca-
hedral edge graph (with 20 degree-three vertices). Nev-
ertheless, with some clever analysis, Toen reduced the 
computational task to manageable size, and eventually 
found two families of toroidal dodecahedra, albeit both 
containing both large and small faces on the torus, in 
contrast to the simplest toroidal cubes (whose faces -- on 
the torus -- are all hexagons).  

An example of a complex “dodecahedron” construct-
ed by RO is shown in Figures 5 (a,b). This convoluted 
spatial form, devoid of evident spatial symmetries or 
regular geometry of any type, writhes and twists through 
space hypnotically. Its coordination sequence is regard-
less of which of the twenty vertices we choose as the “root 
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Table 1:
Top row: The five simplest entangled toroidal cube isotopes, drawn 
with curved edges reticulating a torus.
Second row: Embeddings of the simplest (untangled) and tangled 
(A-D-type) cube isotopes. These are drawn with straight edges that 
nevertheless conserve the entanglement of the equivalent isotopes 
illustrated in the top row.
Lower rows: RO’s constructions of cube isotopes, from the Vessel, 
Florentia and Thought Form series. Some correspond to tangled cubes, 
others are untangled; equivalent isotopes (namely the untangled and 
A- to E-type cubes) are placed in corresponding columns.)
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vertex”, {1,3,6,6,3,1}. This is the coordination sequence 
of the dodecahedron (Figure 5(c)). This construction is 
therefore a tangled dodecahedron. Its subtle geometry is 
more complex (and beguiling to the human eye) than 
either the conventional regular (untangled) Platonic do-
decahedron, or any of the toroidal tangled dodecahedral 
isotopes found by Toen Castle. It is a tangled polyhedral 
isotope whose complexity is beyond our enumerative ca-
pabilities at present. It seems that it embeds on a torus of 
genus at least two, but the lowest genus torus that can be 
reticulated to form this particular isotope is unknown.  

Figure 5: (a) Robert Owen’s dodecahedron construction, 
Carbon Copy #2, from the series Different Lights Cast 
Different Shadows (2003). Photo, Art Gallery of NSW, 
2004. (b) labelled by a coordination sequence from an 
arbitrary vertex, labelled “0”. (c) Planar drawing of the 
dodecahedron edge  graph, revealing its coordination 
sequence: {1,3,6,6,3,1}

One further construction by RO is worth exploring 
through this graph theoretic prism, since it illustrates 
another subtle aspect of entanglement in nets. Floren-
tia Bloom 2, is shown in Figure 6(a). This construction 
embodies a graph with 18 degree-three vertices, so it is 
clearly not a dodecahedron, tangled or otherwise. Its co-
ordination sequence depends on the choice of root ver-
tex; one case is shown in Figure 6(b). We cannot draw 
this graph within the plane without edge intersections; at 
least one pair of intersecting edges results (Figure 6(c)). 
Indeed, we can trace the degree-three bipartite graph 
{3,3} as a subgroup of this graph. One choice is shown in 
Figure 6(d). Kuratowski’s Theorem guarantees that this 
graph is therefore topologically non-planar [21], so it is 
no surprise that it cannot be drawn on the page with-
out intersecting edges. It is therefore also certainly not a 
tangled polyhedral graph, since polyhedra are  necessarily 

(topologically) planar. But is it tangled?
This is a subtle question, that can be answered in a 

number of ways. In our view, it can only be answered 
by first defining an untangled “ground state” for this 
(non-polyhedral) graph. Since the graph drawing of Fig-
ure 6(c) has just one crossing of edges, it can be drawn 
on the surface of a (genus-one) torus without crossings. 
The torus “handle” -- not present on the sphere -- allows 
sufficient freedom for the crossed edges to be separated. 
Since the graph is non-planar, this is the lowest genus 
(oriented) manifold which can be reticulated to give 
this construction. It cannot be further disentangled to 
reduce edge crossings. In our view then, it is “untan-
gled”, despite its complex threaded structure. This fea-
ture is common to all non-planar graphs. Classification 
of their entanglement is therefore a delicate issue, and 
much work remains to arrive at useful signatures for 
these non-planar cases. 

Nevertheless, our analysis (via mathematics) and 
construction (via sculptural art) of entangled polyhedral 
graphs offers a useful starting point for that study. This tale 
exemplifies an often overlooked synergy between the crea-
tive arts/sciences. Both authors - scientist and artist - have 
been exploring related ideas independently and oc-
casionally in tandem, with very different languages of 
form. Yet beneath these superficially disparate approach-
es lies a common goal: exploration of space. 

4. Looking further
We have chosen to emphasise simpler entanglements, 
constructed from mathematics and visual experiments. 
The dialogue described here, from the analyses from to-
pology, graph and tiling theory, to the constructions al-
lowed by morphing polyhedral nets projected into two 
euclidean dimensions, then lifting back into three, is an 
open one. RO has a wealth of other constructions that 
are equally intriguing to explore from the perspective of 
polyhedral entanglement. Melburnians and Sydneysid-
ers can explore this without too much effort. 

Visitors to Hamer Hall in the Melbourne Arts Centre 
need only look to the ceiling in the entry to find Silence, 
made of seven suspended crystal-encrusted sculptures, all 
dodecahedra. Their various entanglements have yet to be 
explored. The high-rise Triptych apartment building just 
behind the Arts Centre is decorated with some of RO’s 
tangled polyhedral constructions. (The coloured deco-
rations on the external walls are also designed by RO.) 
Another series of seven variously-tangled dodecahedra, 
Axiom decorate the atrium of the Commonwealth Law 

(a)

(c)

(b)
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Figure 6: (a) Robert Owen’s Florentia Bloom 2. (Image 
courtesy of Robert Owen.) (b) Construction labelled by 
a coordination sequence. (c) Planar drawing of the graph 
topology of this construction, with a single edge crossing. 
Edges are coloured to mimic the coloured edges of (a) and 
vertices are labelled by their index in the coordination 
sequence (as in (b)). (d) A K3,3 sub-graph found within the 
graph of (c), with (non-trivial) degree-three vertices of K3,3 
coloured cyan and red. (e) The bipartite K3,3 graph.

(a)

(c)

(e)

(d)

(b)



AUSTRALIAN PHYSICS 21152(6)  |  NOV–DEC 2015

Courts in 305 William Street. 
Sydney is also home to a number of readily accessi-

ble RO sculptures. A suite of tangled polyhedra entitled 
New Constellation hang in the foyer of the MLC Build-
ing in Martin Place (along with a large RO painting). 
RO’s most complex form is on public view, across the 
harbour, and just behind Luna Park, at Harry’s Park, ad-
jacent to the offices of the late Modernist architect, Har-
ry Seidler. This large sculpture, Tracing Light - For Harry 
3D/4D replicates RO’s procedure of projection of the 
original polyhedral skeleton onto the plane, followed by 
lift back into three-dimensional space, described above. 
But here the initial object is a polyhedral skeleton of the 
hyperbole (or tesseract) embedded in four dimensions. 
Entanglement of the tesseract, and other objects that are 
embedded in multiple dimensions, is a still more com-
plex, and fascinating, puzzle, played in two, three, four, 
… dimensions; a puzzle laid bare in Tracing Light. 
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BOOK REVIEWS
One Hundred 
Years of the Bohr 
Atom: Proceedings 
from a conference 
F. Aaserud and K. Kragh  (eds.) 
Royal Danish Academy of 
Sciences and Letters (2015) 
Hardback, 560 pages 
ISBN: 9788773043875

Reviewed by David Jamieson, 
University of Melbourne

In July and August of 
1914 the British Asso-
ciation for the Advance-

ment of Science held its biennial meeting in Australia.  
In one of the first opening sessions, held at the Univer-
sity of Melbourne, the president of the BAAS presented 
a paper about work by his promising young former post-
doc that triggered an intense discussion.  A chemistry 
professor in the audience complained “the views that are 
now advocated by physicists are entirely different from 
any conceptions that chemists have ever entertained and 
cannot easily be assimilated by them.”  The president was 
Sir Ernest Rutherford, the promising young postdoc was 
Niels Bohr.  By the time of the BAAS meeting in 1914 
Bohr had returned to Denmark after his fellowship with 
Rutherford in Manchester and was travelling in Europe 
so did not come to Australia.  Bohr’s ideas, published 
just two years out from his PhD thesis and presented in 
Melbourne shortly thereafter, were already having a big 
impact.  Another BAAS delegate reacted “It is quite clear 
that some new conception is required to explain how 
the atoms, having the structure we have supposed, can 
hold together. N. Bohr has faced the difficulty by bring-
ing in the idea of the quantum in a novel way. At all 
events, there is something going on in the atom which 
is inexplicable by the older mechanics.”  Still another 
“In concluding, I should like to say that although I have 
criticised certain parts of Bohr’s theory adversely, no one 
can admire more its ingenuity and great suggestiveness.” 
We can thank David Rivett’s (later chair of the CSIRO) 
comprehensive notes on the BAAS meeting for these in-
teresting first responses to the new theory. Clearly revo-
lution was in the air.

We are still celebrating the revolution 100 years later.  
The centenary of Bohr’s discovery of the quantum atom 
and his famous 1913 “trilogy” of papers in the July, Sep-
tember and November 1913 Philosophical Magazine 
(Rutherford was the editor at the time) was the basis 

of a conference held in Denmark in 2013 organised 
by the Niels Bohr Archive and sponsored by long-time 
Bohr supporter, the Carlsberg Foundation.  This volume 
contains the proceedings of the conference.  If you ever 
wondered how and why a young Danish postdoc came 
to make such discoveries this is the book for you.  It is 
a hefty collection of short, accessible papers from dele-
gates to the conference that present a comprehensive re-
view of Bohr’s discovery in four sections dealing with the 
prehistory and origins of the quantum atom, the physics 
of the early models of the atom, philosophical issues in-
cluding communicating the new model more broadly 
and finally the national and institutional aspects.

The papers provide many interesting and entertain-
ing insights into Bohr’s work and influences.  They cover 
topics in Bohr’s life, including the important influence 
of this wife Margrethe, the intellectual heritage be-
queathed from his parents and the wider Danish culture 
of the time.  There are some topics now lost to history.  
Who today has heard of the Einstein-Rupp experiments, 
consigned to obscurity because of Rupp’s later wrongdo-
ing, that nevertheless influenced our understanding the 
uncertainty principle?  It is also interesting to see Bohr’s 
influential mentors: J.J. Thomson, Bohr’s boss during 
his brief stay in Cambridge, published “On the structure 
of the atom” in 1904, Rutherford, Bohr’s Manchester 
supervisor, “The structure of the atom” in 1911 and fi-
nally Bohr in 1913 “On the constitution of atoms and 
molecules”.  You can see a pattern here.

A paper examines the long and important role of what 
is now the Niels Bohr Institute, inaugurated in 1921 as 
the Institute for Theoretical Physics, which also acted 
as a bridge between isolated post-war Germany and the 
rest of the world.  This gave the institute an unique and 
influential role.  We learn that the term “Theoretical” in 
the original name should not be interpreted in the mod-
ern sense as being complementary to experiment, but 
rather in the sense of “Fundamental” since the institute 
incorporated laboratories for experimental physics.

Several papers address the concept of models and 
their role in physics.  This also includes the actual phys-
ical models that were constructed for display in lecture 
theatres and museums including a very edgy looking 
hydrogen atom designed by Arnold Sommerfeld and 
displayed in the Deutshes Museum as early as 1918.  
We also get insights into the atomic models that did not 
survive the test of time.  We can be slightly regretful that 
the “Faraday tubes” of J.J. Thomson from 1891, with all 
their Victorian steam-punk machinery, did not last into 



AUSTRALIAN PHYSICS 21352(6)  |  NOV–DEC 2015

SAMPLINGS
Hydrogen sulphide is warmest ever 
superconductor at 203 K
Hydrogen sulphide becomes a superconductor at the 
surprisingly high temperature of 203 K (–70 °C), when 
under a pressure of 1.5 million bar, according to recent 
work done by physicists in Germany. This smashes the 
previous record for conventional superconductivity and 
takes it above the lowest temperature directly recorded at 
ground level on Earth (–89.2 °C or 184 K) for the first 
time. The researchers say the discovery could be a major 
step towards room-temperature superconductivity. 

Superconductors conduct electricity with zero resist-
ance below a critical temperature. A second key charac-
teristic is that below the critical temperature they expel 
magnetic fields – this is dubbed the Meissner effect. The 
ultimate goal is a superconductor that works at room 
temperature. This would dramatically improve the ef-
ficiency of electricity generation and transmission, and 
make current uses of superconductivity, such as super-
conducting magnets in particle accelerators, much sim-
pler. 

Diamond-anvil cells exert huge pressures on the H2S

“There is theoretically no limit for the transition 
temperature of conventional superconductors, and our 
experiments give reason to hope that superconductiv-
ity can even occur at room temperature,” says Mikhail 
Eremets, at the Max Planck Institute for Chemistry, in 
Mainz, Germany, who led the research, together with 
physicists at the Johannes Gutenberg University Mainz. 

In conventional superconductivity, vibrations in a 
material’s crystal lattice bind electrons together in pairs 
that can flow without resistance. Lighter elements are 
thought to be better because their atoms can vibrate 
at higher frequencies, facilitating superconductivity at 
higher temperatures. Although superconductors have 
been found by looking at such materials, the highest 

the 20th C.
This comprehensive volume will be of interest to 

anyone seeking deeper insights into the origin and de-
velopment of the old quantum theory and how it meta-
morphosed in the first three decades of the 20th C.  It 
is relevant to anyone intrigued by the question: Why 
Bohr?  Or why Denmark?  Or why 1913?  Or what 
happened next?  It is also useful to anyone introducing 
undergraduates to their first encounter with the revo-
lutionary concepts of quantum mechanics via the usu-
al path of the Bohr atom before the full majesty of the 
Schrödinger equation in three dimensions is revealed.  
This compilation can be read in conjunction with John 
Heilbron’s and Finn Aaserud’s recent book “Love, Liter-
ature and the Quantum Atom”, that also sheds new light 
on Bohr’s development of his atomic theory, especially 
the important role of Margrethe in the development of 
the “trilogy”.  Both authors are represented in this cente-
nary volume, Heilbron (an eminent historian of science) 
presented the opening address and Aaserud is the direc-
tor of the Niels Bohr Archive and co-editor.  However, 
the present volume with its diversity of authors and span 
of topics, provides a much broader insight into the de-
velopment of Bohr’s theory and its subsequent influence 
on 20th C physics.  As this volume also shows, 100 years 
later the ideas are still being discussed and celebrated.

Copies of AIP Congress 
proceedings for 1984?

Copies of proceedings for the 6th 
Congress (Brisbane, August 1984) are 
needed to complete a national library 

collection of AIP Congress proceedings.

If you have a copy please contact 
Prof Stephen Collins:  

Stephen.Collins@vu.edu.au.
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critical temperature achieved so far is 39 K in magne-
sium diboride. Superconductivity has been achieved at 
164 K at high pressure in copper-oxide systems, but 
these are not conventional superconductors. Also, as 
the mechanism of superconductivity is not fully under-
stood, achieving higher critical temperatures is difficult. 
Calculations have shown that hydrogen, the lightest ele-
ment, should be a conventional superconductor at room 
temperature. But superconductivity in pure hydrogen 
has proved elusive, leading people to look at hydrogen-
rich materials instead. 

Eremets and his colleagues focused on hydrogen sul-
phide (H2S) because it is relatively easy to handle and is 
predicted to become a superconductor at around 80 K 
under high pressure. They found that when samples of 
hydrogen sulphide were placed under extreme pressure – 
around 1.5 million atmospheres (150 gigapascals) – in a 
diamond-anvil cell and cooled to 203.5 K, they had zero 
electrical resistance and their magnetization decreased 
sharply, confirming the superconducting state. 

The researchers believe that, under pressure, hydro-
gen sulphide decomposes and changes from H2S to H3S. 
They propose that this high-pressure hydrogen sulphide 
is a conventional superconductor, with the supercon-
ductivity originating in the crystal lattice. “Our research 
into hydrogen sulphide has shown that many hydrogen-
rich materials can have a high transition temperature,” 
says Eremets.
[A.P. Drozdov et al, Nature, doi:10.1038/nature14964 
(2015)]

Extracted with permission from an item by Michael 
Allen at physicsworld.com.

Tiny particles dance around each other in 
near-zero gravity
The first direct observations of individual interactions 
between charged, sub-millimetre grains have been re-
ported by researchers in the US. The experiments were 
done to mimic conditions present when planets are first 
forming, and reveal that particles attract and repel each 
other through electrostatic forces. The particles also 
combine, often via multiple collisions, to form clusters 
with molecule-like configurations. 

Understanding how fine particles interact is funda-
mental to a variety of situations – including the accre-
tion of interstellar dust during planetary formation, the 
clustering of biomolecules in industrial processes and 
the coagulation of hazardous airborne pollutants. 

Long-range electrostatic interactions are believed to 
play an important role in the interaction of tiny parti-
cles, sometimes causing the particles to accumulate in 
larger lumps. The particles themselves can be chemically 
neutral but can gain large positive or negative charges 
through friction during collision events. However, ex-
actly how electrostatic forces affect the aggregation pro-
cess is poorly understood because experiments must be 
done in the absence of gravity. 

Electrostatic force causes free-falling particles to stick 
together.

Now, Victor Lee and colleagues at the University of 
Chicago have developed a new experimental set-up that 
minimizes the effect of gravity by observing the particles 
in free fall within a 3 m-tall vacuum chamber. Zirco-
nium-dioxide–silicate grains – each with diameters on 
the scale of a few tenths of a millimetre – were allowed 
to fall through the chamber in a dilute stream. Next to 
the vacuum chamber, a high-speed camera was allowed 
to fall alongside the grains, guided by two low-friction 
rails. By recording the behaviour of particles through a 
window running the length of the chamber, Lee and col-
leagues were able to study particle interactions for up to 
0.2 seconds in a low-gravity environment – before the 
camera’s descent was gently arrested by foam pads. In a 
separate test, the researchers determined the net charge 
on individual grains by applying a strong electric field 
across the falling stream and measuring the resulting ac-
celeration of the grains. 

The observations revealed significant long-range at-
tractive and repulsive electrostatic interactions between 
the charged particles, with some particles travelling in 
Keplerian orbits relative to each other. Grains were also 
seen to aggregate through a series of bouncing colli-
sion events. This allows for the development of particle 
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clusters from collisions at higher relative velocities than 
would be expected with simple, head-on collisions. This, 
the researchers say, is relevant to the accumulation of 
dust in planetary formation. 
[V. Lee et al, Nature Physics, doi: 10.1038/nphys3396 
(2015)]

Extracted with permission from an item by Ian Ran-
dall at physicsworld.com.

Could radon and one of its radioactive 
isotopes reliably predict an earthquake?
A combined analysis of the concentrations of radon 
and one of its radioactive isotopes called “thoron” may 
potentially allow for the prediction of impending earth-
quakes, without interference from other environmental 
processes, according to new work done by researchers 
from Korea. The team monitored the concentrations of 
both isotopes for about a year and observed unusually 
large peaks in the thoron concentration only in February 
2011, preceding the Tohoku earthquake in Japan, while 
large radon peaks were observed in both February and 
the summer. Based on their analyses, the researchers sug-
gest that the anomalous peaks observed in that month 
were precursory signals related to that earthquake that 
followed the following month. 

Earthquake prediction remains the holy grail of 
geophysics, and an oft-proposed but highly contested 
method for quake forecasting revolves around the detec-
tion of abnormal quantities of certain gaseous tracers in 
soil and groundwater. These are believed to be released 
through pre-seismic stress and the micro-fracturing of 
rock in the period immediately before an earthquake. 

Could radon and thoron forecast earthquakes?

While a number of such precursors have been pro-
posed – including radon, chloride and sulphate – their 
application to earthquake forecasting has not been real-

ized. The problem here lies in how abnormal concentra-
tions of these tracers can also occur through other envi-
ronmental processes. For example, signals from radon 
(222Rn) – an easy-to-detect radioactive gas whose short 
half-life of 3.82 days makes it highly sensitive to short-
term fluctuations – can be disrupted by meteorological 
phenomena and tidal forces. Radon has no stable iso-
topes, but has a host of radioactive isotopes including a 
very short-lived isotope called thoron (220Rn, half-life = 
55.6 s). 

In a new study, Guebuem Kim and Yong Hwa Oh 
of Seoul National University propose that an under-
ground, dual-tracer analysis – using both radon and 
thoron – might be able to overcome these limitations. 
With its half-life of only 56 seconds, measured thoron 
activity in the stagnant air of a cave should typically be 
very low if the recording detector is placed sufficiently 
far (0.2 m) from the cave floor. “Thoron – through dif-
fusive flows – decays away before it reaches the detector,” 
explains Kim. “Thus, at an optimum position, only ad-
vective flows of thoron – earthquake precursors – reach 
the detector.” 

To test this concept, the researchers took hourly 
measurements of the radon and thoron concentration 
in the Seongryu Cave, in eastern Korea’s Seonyu Moun-
tain, over a period of 13 months. The cave – which 
formed around 250 million years ago – is around 330 m 
long and varies from 1 to 13 metres in height. Record-
ings were taken in a part of the cave that is isolated from 
the air flow from the outside, preventing any thoron 
anomalies that may arise from a wind-induced surface 
flow along the cave floor. 

An unusually large peak in thoron concentration 
– above those caused by seasonal variations or daily 
temperature fluctuations, and unexplainable by a pre-
cipitation event – was recorded in the February of 2011, 
preceding the magnitude 9.0 Tohoku earthquake in Ja-
pan, 1200 km away, a month later. In contrast, radon 
peaks were observed not only during February but also 
in the preceding summer period, when atmospheric 
stratification is believed to better trap radon within the 
cave system. While the thoron measurements alone are 
capable of recording earthquake signals, Kim says, the 
anomalous peaks detected were clearer when plotted in 
tandem with radon activity. 
[Yong Hwa & Guebuem Kim, Scientific Reports 5, 
doi:10.1038/srep13084 (2015)]

Extracted with permission from an item by Ian Ran-
dall at physicsworld.com.
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COHERENT SCIENTIFIC
New Ultrafast Laser Delivers Femtosecond 
Pulses at 40W Average Power
Coherent has released Monaco, a diode-pumped ultra-
fast laser delivering 40 µJ pulses at 1035 nm, with repeti-
tion rate variable from single shot to 1 MHz. Standard 
pulsewidth is <400 fs and an option is available for vari-
able pulsewidth from <400 fs to 10 ps.

Monaco has outstand-
ing beam quality (M2 < 
1.2) making it ideal for 
demanding microma-
chining applications in 
research and industrial 

environments. Homogenous materials such as glass and 
metals as well as complex layered structures are readily 
addressed with Monaco’s sub-400 fs pulsewidth.

Finally, Monaco’s reliability is assured through the 
HALT (Highly Accelerated Life Test) and HASS (High-
ly Accelerated Stress Screen) protocols employed during 
development and throughout production. Commonly 
used in the consumer electronics and automotive indus-
tries, Coherent has introduced HALT/HASS to the la-
ser industry to bring an unrivalled standard of reliability 
and quality to laser-based manufacturing.

New – Coherent Fidelity HP Ultrafast Fibre 
Oscillator <140 fs Pulsewidth, up to 18 W 
Average Power

The Fidelity HP is the 
latest addition in Coher-
ent’s Fidelity turn-key 
oscillator packages.  The 
Fidelity HP is an ideal 

source for nonlinear microscopy applications including 
optogenetics and functional brain scanning, nonlinear 
optics, and commercial two photon polymerisation ap-
plications.  Improving the performance characteristics of 
the Fidelity 2, the Fidelity HP platform can deliver:
• 10 W or 18 W average power
• 1040 nm horizontally polarized output
• 140 fs pulse durations
• Adjustable negative GVD correction to 30,000 fs2
• Compact, turn key platform

As with the Monaco micromachining laser, and al-
most all next-generation Coherent advanced laser sys-

tems, reliability is assured through the HALT (Highly 
Accelerated Life Test) and HASS (Highly Accelerated 
Stress Screen) protocols employed during development 
and throughout production.  Thanks to these integrated 
engineering principles Coherent provides new lasers sys-
tems with both a lower cost- and time-to-data through-
out its new product lines.

Coherent Astrella – Now >7 mJ @ 1 kHz, 
standard
Astrella is designed and manufactured to be at the fore-
front of an industrial revolution in ultrafast science, and 
is the culmination of several development projects.  Co-
herent’s expertise as the proven leader in developing and 
consistently improving high power amplifier systems is 
leveraged together with advanced, stress-testing tech-
niques developed for the production of our commercial 
lasers used in demanding industrial applications.
• Energy >7 mJ, 1 kHz 
• Pulse Width <35 fs, or <100 fs 
• Stability <0.5% rms 
• Beam quality M2 <1.25

The Astrella is the new standard of both excellence 
and economy for amplified ultrafast, featuring:
•  Integrated Vitara seed laser, new pump laser, new 

STAR regenerative amplifier and new proprietary 
sealed, compact stretcher/compressor for ultimate sta-
bility and reliability 

•  HASS*-tested at sub-component and system level for 
superior product quality and reliability 

•  All major sub-systems thermally-stabilised for reliable 
long-term performance 

•  Innovative, water-only cooled Ti:Sapphire rod assem-
bly for improved beam quality and thermal manage-
ment, even at >7 mJ output energies

•  HASS: Highly Accelerated Stress Screening
The integrated, one-box design employs the new 

STAR regenerative amplifier module for increased en-
ergy, beam quality and stability. This is seeded by Co-
herent’s hands-free Vitara oscillator, and is powered by 
a new pump laser offering enhanced power overhead, 
stability and beam quality. The final, key sub-system is 
the proprietary, sealed stretcher / compressor designed 
for superb dispersion compensation and durability.

PRODUCT NEWS
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For further information please contact Coherent Scientific 
at sales@coherent.com.au

Coherent Scientific 
116 Sir Donald Bradman Drive,Hilton SA 5033 
Ph: (08) 8150 5200      Fax: (08) 8352 2020 
www.coherent.com.

LASTEK
Ultra-low noise scientific interline KITE 
EMCCD from Raptor 
The digital KITE EMCCD camera, model KI247-CL, 
combines high sensitivity, speed and high resolution. It 
uses a peltier cooled Texas Instruments’ 640 x 480 Inter-
line Transfer Impactron device which provides QE up to 
53%. It uses a 16 bit A/D converter and offers a stand-
ard CameraLink output.

The KITE camera offers out-
standing performance for low 
light applications such as fluo-
rescence imaging, astronomy, 
electrophoresis, X-ray and hy-
perspectral imaging.

The KITE EM247 camera features:
•  658 x 496 EMCCD sensor - Enables optimum image 

resolution in low light imaging applications
•  B/W EMCCD technology - Enables high sensitivity 

imaging with 1000x on-chip gain
•  16 bit CameraLink output - Provides wide dynamic 

range
•  53% QE from Virtual Phase sensor - Optimum Pho-

ton collection 
•  Frame Interline Transfer (FIT) - No mechanical shut-

ter required, less smear at shorter exposures
•  High frame rate imaging - Enables capture of fast 

events

Bayspec: Agility™ Transportable Dual-band 
Benchtop Raman Spectrometer
BaySpec’s Agility™ Raman spectrometer delivers high 
sensitivity and repeatability in an affordable, ruggedized, 
battery-operated turn-key package. Available in 532, 
785, and 1064 nm with single or dual band options. An 
integrated sample compartment allows the utmost flex-
ibility, via its quick-change, auto-aligning sample hold-
ers. The Agility™ Raman spectrometer is ideal for appli-
cations such as the study of graphene, semi-conductor 
wafer and thin-film inspection and chemical identifica-
tion. 

Key Features
•  Integrated multi-lasers, 

spectrometer, touchscreen 
computer

• Standard wavelength op-
tions at 532, 785, and 1064 

nm (custom wavelengths available)
•  Dual wavelength options at 532/1064 and 785/1064 

nm (custom wavelengths available)
•  Various Quick-Change Sample options for any sample 

type
•  Cooled CCD or InGaAs detector
•  Transportable ergonomic design, light-weight < 15 lbs
•  High throughput transmission spectrograph with 

VPG® and f/1.8 design
•   Up to 499 mW laser power at 785 and 1064 nm, up 

to 50 mW at 532 nm, automatic laser switch
•  Agile20/20™ Windows®-based software for turn-key 

operation
•  1064 nm Raman implemented for eliminating or re-

ducing fluoresce interference in some difficult samples

Laser Quantum’s finesse pure CEP: The only 
532 nm high power pump laser with direct 
power modulation for CEP stabilisation

Laser Quantum’s finesse 
pure CEP is the first 
and only 532 nm high 
power pump laser on 
the market that provides 
direct modulation input 

to its output power. Its patented technology has the abil-
ity to receive a phase related error signal from an f-to-2f 
interferometer into its controller, thereby modulating 
the output power and hence the carrier envelope phase 
of a few-cycle laser pulse. The enhanced bandwidth of 
the finesse pure CEP control loop permits a further re-
duction of integrated phase noise compared with the 
more conventional AOM method of phase control, 
particularly above 10 kHz making it simpler and more 
cost-effective.

For more information please contact Lastek at sales@
lastek.com.au

Lastek Pty Ld 
10 Reid St, Thebarton, SA 5031 
Toll Free: Australia 1800 882 215 ; NZ 0800 441 005 
T: +61 8 8443 8668 ; F: +61 8 8443 8427 
web: www.lastek.com.au
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WARSASH SCIENTIFIC
New Precision Linear Stage Series

Warsash Scientific is pleased to announce the release 
of the all new L-511 precision linear stage series from PI 
(Physik Instrumente). The stages achieve unidirectional 
repeatability up to 0.1 µm and minimum incremental 
motion of up to 0.02 µm. 

The L-511 are equipped with stepper motors. Op-
tional direct-measuring position encoders ensure a high 
resolution in a range of a few nanometers. Versions with 
DC motors with dynamic ActiveDrive control as well as 
with DC gear motors are in the pipeline. 

Due to their ball screw, the stage series is suitable for 
applications in industry and research that require high 
cycle rates and velocities up to 50 mm/s. The linear stag-
es are available for travel ranges of 52 mm, 102 mm and 
155 mm.

Recirculating ball bearings that are mounted on pre-
cision-ground profiles ensure a high guiding accuracy of 
±50 µrad per 100 mm travel range and a load capacity 
up to 100 N.

Variable Control: Mercury or Hydra
For single-axis control, PI offers the easy to operate digi-
tal C-863 and C-663 Mercury motion controllers for 
DC motors and stepper motors. For DC motor control 
of up to four axes, the C-884 is available.

The highest positioning accuracy can be achieved 
with the L-511 stepper motor variants, which are 
equipped with a high-resolution, direct- measuring lin-
ear encoder. The SMC Hydra controller controls the 
motor with low vibration and a high resolution. All PI 
motion controllers can be controlled in groups using the 
proprietary PI command set.

CRAIC Technologies Goes Beyond with 
Photoluminescence Microspectroscopy 
In addition to absorbance, reflectance, fluorescence and 
Raman spectroscopy of microscopic samples, the 20/30 
PV™ from CRAIC Technologies and available exclu-
sively in Australia from Warsash Scientific gives you the 
ability to study photoluminescence spectroscopy. Pho-
toluminescence spectra gives even more information 
about samples and delivers a more complete pictures of 

electronic structures.
CRAIC Technologies, the world leading innovator of 

microspectroscopy solutions, takes optical information 
acquisition a step further with photoluminescence (PL). 
Users of the 20/30 PV™ microspectrophotometer, and 
other CRAIC Technologies’ models, have the ability to 
acquire photoluminescence spectra and images of mi-
croscopic sample areas throughout the UV, visible and 
NIR regions.  Additionally, the 20/30 PV™ can be used 
to monitor the time dependences of these spectra  us-
ing CRAIC Technologies’ kinetic software TimePro™ or 
map large scale objects with microscopic spatial resolu-
tion. 

Photoluminescence encompasses 
fluorescence, phosphorescence, 
and any type of photon emission 
that a molecule or sample exhib-
its. The key here is that the emis-
sion does not have to be optically 
stimulated itself. This exciting 
and informative  type of emission 
occurs in a wide range of mole-
cule types: from engineered mate-
rials to biological to devices!  And 
CRAIC Technologies’ instru-
ments provide numerous solu-

tions to study the PL of samples on the micro scale, 
down to a single square micron,  and of large-scale sam-
ples but with extremely high spatial resolution.

“As more products and devices utilize ever smaller 
photoluminescent (PL) light sources in ever more de-
manding environments, the ability to test those devices 
with ultra-high spatial resolution and fidelity becomes 
increasingly important” states Dr. Paul Martin, Presi-
dent of CRAIC Technologies. 

For more information contact Warsash Scientific at 
sales@warsash.com.au 
 
Warsash Scientific 
PO Box 1685, Strawberry Hills NSW 2012 
T: +61 2 9319 0122    F: +61 2 9318 2192 
www.warsash.com.au

22nd AIP Congress - in association 
with the 13th Asia Pacific 

Physics Conference.
4-8 December 2016,

Brisbane Convention Centre.
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Longer Life.
Higher Power.

Shorter Pulses.

New Ultrafast Lasers
Coherent’s ultrafast laser portfolio is the most 
extensive available and offers industrial-grade 
reliability with repetition rates from 10 Hz to 

100 MHz, pulse energies from nJ to 100mJ and 
pulsewidths to sub-10fs.

Read more in the Product News section inside

(08) 8150 5200
sales@coherent.com.au
www.coherent.com.au

Astrella Integrated Ti:S Amplifier

7W TiS 1 kHz Amplifier
<35fs or  <100fs pulse duration
One-box, industrialised platform
Fully automated and hands free

NEW

Fidelity HP Ultrafast Fibre Laser

Compact 80MHz fibre oscillator
>18W average power @ 1040nm
<140fs pulse duration / >1.5MW peak power
Automated group velocity dispersion control

NEW

Monaco
High Power
Ultrafast
MOPA Laser
Compact 1-4MHz diode-pumped MOPA
10-40µJ pulse energy @ 1035nm
On-board AOM for pulse picking down to single-shot
<400fs - >10ps tuneable pulse duration
Designed for stable ultrafast optical materials processing


