
CERNCOURIER
V o l u m e  5 6   N u m b e r  8   O c t o b e r  2 0 1 6

5

C E R N C our i e r      O c t o b e r  2 0 16

Viewpoint

By Sven van den Berghe

Nuclear reactors are usually thought of in the context 
of electricity generation, whereby heat generated by 
nuclear fi ssion produces steam to drive an alternator. 
A less well-known class of nuclear-fi ssion reactors 
fulfi ls an entirely different societal goal. Known as 
research and test reactors, the heat they produce is a 
by-product, while the neutrons resulting from the 
fi ssion reactions are used to irradiate materials or as 
probes for materials science. In some reactors, neutrons 
are used to transmute stable isotopes into radioactive 
ones, which are subsequently utilised for industrial or 
medical purposes.   

Used in diagnostics and treatment, medical 
radioisotopes are a vital tool in the arsenal of 
oncologists in detecting and fi ghting cancer. In the 
case of 99mTc, which is a daughter product of 99Mo, 
roughly 30  million patients per year are injected 
with this isotope. This accounts for 80% of all 
nuclear-medicine diagnostic procedures, and demand 
is only growing as more of the global population gain 
access to advanced medicine. Classically, 99Mo is 
produced as a fission product in uranium targets: 
after irradiation lasting around one week, the targets 
are rushed off to the processing facility where the 
99Mo is extracted. Since its half-life is only around 
six days, there is no way to stock up on the isotope, 
and therefore a continuous chain of target production, 
irradiation, isotope extraction and purifi cation – and 
fi nally supply to hospitals – is required. 

The importance of a steady supply of medical 
radioisotopes such as 99Mo cannot be overestimated, 
yet it is generally not possible to cover the cost of 

operating a large research reactor or other facility 
solely for the production of radioisotopes, and 
the yield needs to be sufficiently high for such a 
production to even significantly reduce the cost. 
Traditionally, the economics of constructing an 
accelerator facility for the sole purpose of generating 
99Mo have been challenging, especially since the 
fi ssion yield of 99Mo outweighs the possible yields 
from non-reactor methods by at least a factor of 10. 
Recently, however, a reduction in the construction 
costs of high-power accelerators and the increasing 
costs associated with operating reactors has 
generated interest in accelerator-based production of 
99Mo, for example via semi-commercial initiatives 
such as SHINE and NorthStar in the US.  

One of the dr iving forces behind these 
developments is the ageing of existing research 
reactors. The global supply of 99Mo mainly originates 
in a handful of reactors such as the BR2 in Belgium, 
the NRU in Canada or the HFR in the Netherlands, 
and most of them are more than 50 years old. The 
NRU, which alone is responsible for about a third 
of the global demand of 99Mo, is scheduled to cease 
production this year. Some reactors are still planned 
to continue operation for multiple decades (such 
as OPAL in Australia, SAFARI in South Africa 
and BR2), while smaller research reactors such as 
MARIA in Poland and LVR-15 in the Czech Republic 
are getting increasingly involved in radioisotope 
production and new research reactors are being 
contemplated: MYRRHA in Belgium, PALLAS 
in the Netherlands and JHR in France (for which 
construction is ongoing), for instance. Despite these 
developments, it is uncertain if the rising demand 
can continue to be met without assistance from 
accelerator-based production.

Neutrons are very suitable for isotope production 
because the cross-sections for neutron-induced 
nuclear reactions are often much larger than those 
for charged particles. As such, there is an advantage 
in using the neutrons already available at research 
reactors for isotope production. But it is clear that 
accelerators and reactors are highly complementary. 
Reactors generate neutron-rich isotopes through 
fi ssion or activation, whereas accelerators typically 
allow the production of proton-rich isotopes. Alpha 
emitters are also becoming more popular in nuclear 
medicine, particularly in palliative care, and the role 
of accelerators will likely become more important in 
the future production of such isotopes. It is therefore 
healthy to maintain multiple production routes open 
for such vital and rare products, on which people’s 
lives can depend.

Reactors and accelerators join forces 
Demand for medical isotopes requires reactor- and accelerator-based production methods.

Belgian Reactor 2 (BR2), 
which started operation in 
1962, is among the most 
powerful research reactors in 
the world. 
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News

The international CREMA (Charge 
Radius Experiment with Muonic Atoms) 
collaboration has measured the radius of the 
deuteron more accurately than ever before, 
fi nding that it is signifi cantly smaller than 
previously thought. The result, which was 
obtained using laser spectroscopy of muonic 
deuterium at the Paul Scherrer Institute 
(PSI) in Switzerland, is consistent with a 
2010 measurement of the proton radius 
by the same group, which also showed a 
signifi cantly smaller value than expected. 

The 2010 result, which found a proton 
radius of 0.84087±0.00039 fm versus the 
CODATA value of 0.8751±0.0061 fm, 
formed the basis of what has been dubbed the 
proton-radius puzzle. The new measurement 
of the deuteron’s size gives rise to an 
analogous mystery. If the results hold fi rm, 
they could force physicists to adjust the 
Rydberg constant, which is currently known 
to the eleventh decimal place, and perhaps 
imply the existence of an as-yet-unknown 
force beyond the Standard Model. 

Consisting of one proton and one 
neutron, the deuteron is the simplest 
compound nucleus. Its properties, such as 
the root-mean-square charge radius and 
polarisability, therefore serve as important 
benchmarks for understanding nuclear 
forces and structure. Using the most intense 
source of muons available, provided by the 
PSI proton accelerator, the CREMA team 
injected around 300 low-energy muons per 
second into an experimental chamber fi lled 
with gaseous deuterium molecules. Here, 
muons eject electrons from the molecules, 
which break up to form muonic deuterium. 
A complex pulsed laser system was then 
used to raise muonic-deuterium atoms 
from the metastable 2s state into the next 
excited state, 2p, after which the muons fall 
back to the ground state and emit an X-ray 
photon. Because the energy levels of the 
muonic atom strongly depend on the size 
of the nucleus, measuring the 2s–2p energy 
splitting in muonic deuterium by means of 
laser spectroscopy reveals the size of the 
deuteron with unprecedented precision. 

Based on measurements of three 2s–2p 
transitions, the team found a value of 
2.12562±0.00078 fm for the deuteron 
radius. This is 2.7 times more accurate 
but 7.5σ smaller than the CODATA-2010 
value of 2.1424±0.0021 fm. The value is 

also 3.5σ smaller than the radius obtained 
by electronic deuterium spectroscopy. 
When combined with the electronic isotope 
shift, says the team, this yields a proton 
radius similar to the one measured from 
muonic hydrogen and thereby amplifi es the 
proton-radius puzzle.

“You could say that the mystery has now 
doubly confi rmed itself,” says lead-author 
Randolf Pohl of the University of Mainz, 
Germany. “After our fi rst study came out in 
2010, I was afraid some veteran physicist 
would get in touch with us and point out our 
great blunder. But the years have passed, and 
so far nothing of the kind has happened.” 

As to the possible cause of the discrepancy, 
physicists remain cautious. “Naturally, it 
can’t be that the deuteron – any more than 
the proton – has two different sizes,” says 
CREMA-member Aldo Antognini of the 
PSI. The most likely explanation would 
be experimental imprecision, he says. For 
example, there could be an error with the 
hydrogen spectroscopy, which was used 
in some of the earlier measurements of 
both the proton and deuteron’s size. “If it 
should actually turn out that the hydrogen 
spectroscopy is giving a false – that is, 
minimally shifted – value, that would mean 
that the Rydberg constant must be minimally 
changed,” he says. 

Currently, research groups in Munich, 
Paris, Toronto and Amsterdam are working 
to obtain more accurate measurements via 
hydrogen spectroscopy, and their results 
are expected in the coming years. The 
CREMA collaboration has also recently 
studied muonic helium-3 and helium-4 ions, 

and expects at least a fi ve-fold reduction in 
uncertainties in their charge radii compared 
with the electron-scattering results. Next, the 
team plans to target the magnetic properties 
of the proton by measuring the so-called 
Zemach radius, which is the limiting quantity 
when comparing experiment and theory of the 
1s hyperfi ne splitting in regular hydrogen. 

“If all of the relevant experiments are 

Proton-radius puzzle deepens
n u C L E a r  s t r u C t u r E

Sommaire en français
Le mystère du rayon du proton s’épaissit  7

L’expérience DIRAC observe un nouvel 8 
atome exotique   

L’expérience AMS mesure des fl ux 8 
d’antiprotons cosmiques 

Performance du LHC: l’accélérateur  9
repousse encore ses limites 

Le concours « Ligne de faisceau pour les 9 
écoles » est ouvert 

ATLAS observe des quarks t solitaires à  10
13 TeV 

ALICE mesure le facteur de modifi cation 10 
nucléaire du J/ψ 

Deuxième période d’exploitation du LHC :  11 
premiers résultats surprenants pour LHCb 

Sonder la matière noire avec CMS 11

Les cheminées hydrothermales auraient  15
abrité le dernier ancêtre commun universel 

Une planète ressemblant à la Terre en  17
orbite autour de l’étoile la plus proche de nous 

Part of the laser system used to determine the size of the deuteron at the Paul Scherrer 
Institute. 
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