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ABSTRACT 

In this paper I use the economic concepts of supply and demand to 
attempt to analyze the future prospects for neutron research. The 
most severe problem is one of supply of neutrons. The question is 
whether the demand will be sufficient to overcome the considerable 
political and financial problems associated with providing the supply. 
A different mode of operation may be necessary in neutron research, 
especially with reactor-based sources. 

SUPPLY 

Reactor sources 

SO years ago in Dec. 1942 the first reactor went critical in the squash courts 
of the University of Chicago. It had been ten years since the discovery of the 
neutron, four since the discovery of fission. We rushed collectively into the 
nuclear age. The benefits of this discovery have been aptly demonstrated at this 
(and similar) meetings and I will not enumerate them here, nor dwell on the 
darker side of nuclear technology. I too have spent a quiet day in Hiroshima. 

The 1950's and 1960's saw a rush of building reactors in many countries of 
the world (Fig. 1) Most neutrons produced today come from reactors that are at 
least 25 years old. I estimate that there are at least 35 such reactors in the world 
(there are 32 such local correspondents in Neutron News) of equal to or greater 
than 1 MW, and the total number of neutron instruments1) is - 250. Only three 
reactors, those at Saclay in France (the Orphee reactor in 1980), that at Trombay 
in India (DHRUVA in 1984), and that in Indonesia (in 1987), have been built in the 
last 20 years. 

Reactors fall into three classes: 

(1) Those that for a number of different reasons have now been shut down, or 
face such a threat; examples are the two reactors at Harwell, (UK), and those at 
Delft (Holland), McMaster (Canada), and the CENG reactor SiloC in Grenoble 
(France). 

* Invited paper given at the 5th Int. Symposium on Advanced Nuclear Energy 
Research, 10-12 March 1993, Mito, JAPAN 
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(2) Those that are financially stable but have not been able to finance no 
upgrade; examples are in Missouri (US), Lucas Heights (Australia), Studsvik 
(Sweden), and Chalk River (Canada), and, regrettably, the two high-flux reactors 
in the US at Oak Ridge and Brookhaven National Laboratories 

(3) those that have managed a major upgrade; examples are Hahn-Meitoer Inst, is 
Berlin (Germany), Jttlich (Germany), Ris0 (Denmark), NIST (Washington, US), and 
the JAERI JRR-3 reactor here in Japan. 

itso 1000 1170 1M0 
CALENDAR YEAR 

1*00 MOO 

Fig 1 Number of research reactors achieving criticality. An upgrade in 
which the reactor power is doubled is counted as a new start. Taken from 
Ref. 1, Moon (1985) 

Of those in categories (1) and (2) one can predict that only a few will outlast 
this century. Those in category (3) may well last for 20 more years, but another 
30 years is doubtful. The new reactors, e.g. Orphee in Paris and the renewed 
high-flux reactor at the Institut Laue Langevin in Grenoble (France) might well 
last for another 30 years, especially if a major upgrades can be financed in some 
10-15 years time. 

What has happened to 'stop* this vital supply line of reactor neutrons? One 
answer is that there has been a saturation in medical isotope production, and 
'other' uses of nuclear energy. An obvious point is the decline of nuclear energy 
in the same years — no nuclear power plant has been ordered in the US for the 
last 15 years, and the strong opposition, essentially worldwide, to nuclear reactors. 
Of course this has played a major role, but in the years before Chernobyl (1986) I 
do not think that it was necessarily enough. By a historical chance, the 
emergence of neutron scattering as a technique applicable across a wide domain 
of condensed matter science, and particularly 'soft matter', came just too late to 
overcome the growing public opposition to nuclear reactors. Thus, if the 
importance of the cold neutrons produced and used so effectively at the ILL in 
France (and elsewhere), could have occurred just 10 years earlier, it is my belief 

-18-

(2) Those that are financially stable bul have not been ableω 伽 IDCC 銅

upgrade; examples are in Missourl (US)， Lucas Heighll (AultraUa). S加dl叫k
(Sweden)， and Chalk River (Callada)， and， regrettably， lhe lWO bigb-sux rc郎加'fI
in tbe US at Oak Ridge and Brookhaven National Laborafori儲

(3) those tbat have managed a major upgrade; examples are Habn-Mei畑 町 lall.加

Berlin (Germany)， Julich (Germany)， RisO (Denmark)， NIST (Wasbingiω凪，U5).岨 d
曲eJAERI JRR・3reactor here in Japan. 

ー 園田川制問。
EコUNC.RTAIN

4 

s 

ー

g
d司幽』
F
g
刷‘

g
幽
・

2
3
2

ー・・・
1'10 唱・70 1..0 

CAL・NDARYEA胴
'''0 

。，..。

upgrade ia 
Tak伺命。m

crilicality. An 
as a new start. 

Number of research reac10rs achieving 
which tbe reactor power is doubled is counted 
Ref. 1， Moon (1985) 

Fig 1 

Of tbose in ca1egories (1)皿d(2) one can predic1曲atonly a few will側 dast
tbis century. Those in ca1egory (3) may well 加，1for 20 more抑留'5. but a副油町

30 years is doubtful. The new reac1ors， e.g. 0叩h~ in Paris and曲ereaewed 
high-sux reactor at the Institut Laue Langevin in Grenoble (Fr組問:) might well 
last for anotber 30 years， especially if a major upgrad悶 C岨 befiunced in s悶悶

10・15years time. 

What has happened 10 'stop'曲isvital supply line of reac伽鵬U回目，? 0鵬

answer is 曲at there has been a saturation in m凶 ical isotope productio・.姐d
'0血er・U鴎 Sof nuclear energy. An obvious point is曲.ed，民lineof制 clear悶悶U
in曲esame years - no nuclear pow>町 planlh踊恥蜘 order叫組曲.eUS fc:町曲e
lasl 15 years， and tbe strong opposi1ion， essen1ially worldwide. to nucl，目町時以淑)11.

Of course this has played a m吋orrolc， bu1 in曲cyears恥伽'Cc蜘帥，byl(1986) I 
do no1 lhlnk 曲at It was necessarily enough. By a historical ch闘関，曲e
emergencc of neutron 8cattering as a l'舵 hniqueapplicable acro踊 awide doaaaia 
of condensed ma1lCr scicnce， and particularly '80ft mauぜ，伺鵬 JUIl加。 E脚"

overcome lhe growi時 public opposilion 10 nuclcar reactors. Thus， lf dle 
imporlance of the cold neutrons pllωuced and u腸 d10 effectively 11 曲cD..L ia 
France (and el腸 where)，could have occuo叫 JUSl10 yean earli眠 itis .y bellef 

-18-



that a number of new reactors could have been built. In fact only the reactor in 
Indonesia has been turned on since Chernobyl. 

The high-water mark of the influence of reactors and the ILL was 1984, two 
years before Chernobyl, (and one year before ISIS became operational) when the 
Seitz-Eastman committee in the US decided that the next neutron source for the US 
should be a super-ILL reactor called the Advanced Neutron Source — a huge 
project at the Oak Ridge National Laboratory that will cost in the neighborhood of 
US$3 billion, and which is scheduled for completion in the early part of the next 
century. A reactor source to replace HFIR and HFBR, both of which were built in 
the 1960's, has some obvious advantages. Nine years of study have now been 
completed without earth being turned. The ANS may be built Unfortunately, die 
agency in charge of building the ANS, the US Dept. of Energy (USDOE) has so 
many problems, from nuclear waste to contamination at the Hanford and Rocky 
Flats, Colorado, plants, added to which is a shortage of funds for basic research. 

In conclusion, the long-term (2020 time frame) supply from reactor 
sources looks relatively .bleak. It is to be noted that this is not only because of the 
public opposition to such sources, but also to the great difficulty of increasing the 
flux levels (or brightness). In this respect see Fig. 2. After 30 years the flux levels 
of ILL and the proposed ANS differ by a factor of less than one order of 
magnitude. This is to be compared with photon sources that have increased by 3 
orders of magnitude in brightness in the 1980's alone — even spallation sources 
have increased a factor of -50 in flux since 1980. 

_i i i 1 <— 
IMO ItSO ItSO WTO I t M 

Fig. 2 The growth in steady state and pulsed neutron sources in the last SO 
years. There is frequently dispute as how to normalize these two kinds of 
sources with respect to each other, but within a subset the comparison is 
well defined. This curve was produced by Bob Brugger for a Physics Today 
article in 1968. It has been much used since. 
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Spallation Sources 
It is sometimes forgotten that the best early sources of neutrons were the 

accelerators of Lawrence and Cockroft. However, the yield from fission rapidly 
outperformed these sources (see Fig. 2) and it was not until the 1970's that a 
number of spallation sources were under construction - the most important being 
at Argonne, here in Japan at KEK, and in the UK at the Harwell Linac (BOW 
closed). 

The success of the smaller spallation sources has been considerable — 
although not revolutionary in the sense that everything can be done at them that 
can be done at reactors. In particular research efforts at reactors with polarized 
neutrons and triple-axis spectroscopy have not been seriously challenged (yet) 
by spallation sources. Moreover, for isotope production, and many of the other 
aspects of neutron research, the spallation sources do not compete well with 
reactors as the average fluxes are considerably below those at reactors. 
Scattering experiments can, if well matched to the source characteristics, use the 
peak flux, and are thus not dependent on the average flux. 

The first second-generation spallation source ISIS in the UK has pushed 
further the technology of these machines, and has allowed a better extrapolation 
into the future. The power of ISIS is 160 kW (200 jiA at 800 MeV). The flux levels 
are a factor of 50 above the first machine here in Japan, KENS commissioned in 
1980. I think it is safe to say that ISIS has shown the complementarity between a 
source of this size and a 10 1 5 reactor such as ILL, and that a source 6 times greater 
than ISIS (i.e. a 1 MW spallation source) could do all that ILL can do. In particular, 
the success at ISIS of the cold-neutron instruments such as CRISP and IRIS have 
removed many of the doubts about the capabilities of the sources at this end of the 
neutron spectrum. (These successes were predictable from the work on the first 
reflectometer POSY at IPNS at Argonne, and on the small-angle scattering 
machine here in Japan at KENS) 

The really exciting long-term future of the spallation sources is that they 
rest on a different technology (one more efficient than fission in terms of heat 
produced for 1 neutron produced) and rest on a technology that is expanding in 
the world. The growth curve for accelerator sources does not (yet) show any sign 
of saturating (Fig. 2), and theoretically can be pushed to a 5 MW source even with 
present-day accelerator technology. Such a source, called the European 
Spallation Source, has been proposed in Europe and I expect it to be operating by 
2020. Space-charge limitations with proton currents start to be a serious problem 
at SMW, but accelerator technology is an advancing field, and one can readily 
imagine a source of even greater power in the late 21st century. 

There is also a strong case that can be made for constructing spallation 
sources at the ISIS level. The cost today for such a source certainly will exceed 
$300 M, and that is the major problem. A recent example is the AUSTRON project, 
in which a group of central-European countries, which do not have a very strong 
tradition in neutron scattering, have come together to propose a spallation 
neutron project in Austria. They estimate the cost of an ISIS-type source with IS 
instruments to be about $300M, and the Austrian Government has agreed to pay 
1/3. Although this price is probably a bit low, this does represent an important 
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new initiative in neutron research. The Kohn Committee in the US hat alto Just 
strongly endorsed a spallation source at the 1 MW level. 

Another kind of source — a continuous spallation source (SINQ) it under 
construction at the Paul-Scherrer Iristitut in Switzerland. In some senses this 
source can be thought of as replacing a reactor, and will have a flux of 2 1 0 1 4 n-
cm~ 2-s. Because currents up to l.S mA are anticipated, much important work it 
being done on targets and moderators. At the moment future options do not 
favour extending this technology, but it becomes attractive for isotope production 
and transmutation studies aimed at burning nuclear waste. 

An accelerator-driven spallation source has the advantage over a reactor 
that all the pieces can be replaced over a relatively short time frame — to 
'creeping' upgrades become a strong possibility for the 21st century. (In this 
respect I should like again to emphasize the pioneering nature of the operation 
here at JRR-3. The ILL, also, is breaking new ground by replacing the central 
part of its reactor. Cutting up and disposing of the old pieces is proceeding well — 
I'm happy to say. Perhaps this method will also be applicable to other reactors ?) 

Thus the supply situation for spallation sources is considerably more 
optimistic than it is for reactors. 

Improving Technology 

When the HFBR started operating at Brookhaven in 1966 there were 10 
neutron detector elements — one for every instrument. Today at the ILL there are 
~ 10 4 detector elements. One can extrapolate this to - 107 detector elements at a 
source such as the ESS. This is one example of the increase in technology that has 
occurred in 25 years. The most explosive expansion has been in our ability to 
handle information. In Abingdon last year at the ESS workshop we were told that 
computers are now cheaper than shielding. When I did my first 3-axis 
measurement the machine was controlled by paper tape; now I am typing this 
manuscript on a plane on a lap top. We are all aware of this revolution, and it will 
further change both neutron research as well as our lives. 

Detectors too have made huge strides, although they are still bulky, have 
too long dead times, are too sensitive to gamma's, and have (relatively) poor 
spatial resolution. Much of this is not too serious because the optics of neutron 
beams is for the most part rather poor (compared to photons for example), and 
they are slow moving and massive particles. 

Huge amounts of data are intimidating to all of us, and I was pleased that 
one of the recommendations at the ESS Workshop last year was to start a teal 
effort to improve data visualization. We need more of this type of hybrid 
programming — an area that has made great strides in high-energy physics, for 
example. 

But we should not assume that improvements will continue to come in the 
supply side of neutron technology unless we are provided to make the investment 
And yet, because of the difficulty of increasing the source fluxes, as compared to 
photon sources for example, we must make these investments. Many of the 
innovations we see today in neutron scattering are associated with the ILL, but 
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that is only half the story. In fact, as the ILL staff will quickly tell you, the ILL 
has been the beneficiary of a great number of ideas that came from smaller 
centers. Peter Egelstaff (see Neutron News,, Vol. 2, #!, 1991) has been a strong 
proponent of the local sources feeding their ideas into a main central source for 
full exploitation, and the success of the ILL stems in a large part from such an 
arrangement . 

Even today some of the most imaginative experiments are taking place at 
the smaller sources. One thinks of guide and cold-neutron development at 
Munich, Rauch on interferometry at Vienna, Rekveldt on domain effects in 
magnetization at Delft, Riste on non-equilibrium experiments at Kjeller (Norway), 
Arrott on perfect crystals at Vancouver, the experiments on nuclear ordering at 
Ris0, and earlier at the Melusine (now closed) reactor in Grenoble, Stuhrmann on 
polarized targets in biology at Geesthacht, work on ultra-cold neutrons here in 
Japan at Kyoto and at Rhode Island, and chopper development at Braunschweig in 
Germany. The list is not exhaustive. A similar situation has developed with pulsed 
sources. The first reflectometer was built at IPNS, also the first chopper 
spectrometer, but they have been much improved at the ISIS source. 

History may, however, be an unreliable guide to the future unless we are 
careful. Many of the smaller centers are in financial difficulties and may be 
gone within the next 10 years. The ILL has, in the past, been able to maintain an 
investment budget of -10%, but financial problems make it unlikely that this will 
be the case when it comes back on line in 1995. The US centers are particularly 
guilty of exploiting the past at the expense of the future, and have not been able 
to maintain enough instrument development — again because of financial 
pressure rather than management decisions. The developments at NIST are an 
encouraging reversal of this trend; see the articles by Mildner et al^) on capillary 
guides, and Downing and Lamaze-*) on neutron depth profiling. 

Some idea of the state of instrument and technology development may be 
gathered from looking at the Proceedings of the Oxford Conference on Neutron 
Scattering in 1991, published in Physica B in 19924), which are 1072 pages long 
and contain 336 papers. Of these only / 7 are on new techniques, i.e. 5%. Of these 
17, eleven come from France and Germany, and only 1 (from NIST) from the USA. 
Although instrument developers go to other conferences as well, e.g. the SHE 
Conference in California last year for detector development, this small number of 
instrumental papers at the major tri-annual neutron scattering meeting is cause 
for concern for the future. Let us hope that ILL can get back to a 10% investment 
budget, and other centers can reach this level of investment. 

DEMAND 

Fortunately the demand side of the equation is easy. We have seen a 
continuous increase in the usage of neutrons across an ever-widening range of 
materials. Before returning to scattering investigations, let me look at "other'' use 
of neutron beams. Many of these have been covered in this Conference; isotope 
production, the doping of Si, activation analysis, fuels testing, the production of 
muon beams, depth profiling, medical neutron irradiation, boron-capture 
therapy, radiography etc. I am not an expert in these, but one thing does strike 
me. With the exception of the production of transuranium isotopes, e.g. Cf, none 
of the above techniques really push for the highest fluxes. Radiography, for 
example, is more interested in portable sources, than in central high-flux ones. 
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Of course, they all depend on a supply of neutrons, but, unlike scattering, they do 
not normally want 'more'. This may mean a divergence in the future that may 
further weaken the overall demand for better neutron sources. For example, if 
boron-capture therapy would rather have a number of small reactors installed 
near hospitals, that group of researchers may not be interested in joining the 
lobby pushing for a high-flux source. The ANS has attempted to obtain wide-
based support, but the interest in the transuranium isotopes is not, frankly, as 
high as they would wish. So this aspect of the demand side has to be treated with 
caution: a similar situation has emerged in the synchrotron community with 
lithography. Initially, IBM, for example, was very involved with the premier 
dedicated synchrotron, the NSLS at Brookhaven, but now has more interest in 
small table-top synchrotrons that they can change as they want. Lithography 
cannot be used as an argument for even brighter synchrotrons. 

When we turn to scattering the trend is quite clear — positive. Many 
surveys have been performed in the last ten years; they all show a growth in 
users that is doubling in the 10-15 year period. The last authoritative survey by 
the Fowler Committee5) in Britain shows a rise from 250 users in 1975 to over 500 
in 1988. Similar increases are present in all countries having access to high-flux 
sources. In 1990 (the last full year of ILL operation) 2400 separate visits were 
made by 1500 outside visitors to Grenoble, resulting in some 500 publications per 
year. This number is exceeded at user facilities only by the NSLS, Brookhaven. 

I shall not enumerate all the diverse fields covered by scattering in this 
paper — the interested reader should just glance at the rest of the Proceedings. 
What has been remarkable has been the diversification that has taken place in 
the last 20 years. A glance at the ICNS Proceedings4) shows that the conventional 
fields of neutron scattering, magnetism, structure, and phase transitions, is still 
lively. In fact, with the advent of new materials such as heavy fermions, the 
high T c systems, multilayers, and Cgo, the interest has even grown. Completely 
new fields on polymers (see the paper by Richter), biology (Za^cai), and 
industrial applications (Hutchings) are growing even faster. Given that 'neutron 
scattering is the single most revealing technique in condensed matter science' (a 
phrase that comes from the 60's — not a recent invention of proponents of high-
flux sources !), all this development is not surprising to those of us who believe in 
neutrons. 

All this body of work is, however, flux limited. For sample size, for spatial 
and energy resolution, unfortunate compromises are being made in every 
experiment. 

CONCLUSIONS 

Let me dare by ending with some recommendations (in addition to the one 
calling for 10% investment in techniques), as well as some predictions. 

1) We should give more publicity to the use of neutrons and their benefits. 
Whether we like it or not today's world is a capitalistic one and advertising is one 
of the basic tenets of our society. We need to organize conferences on the 
industrial use of neutrons — we need to find a way to get more industrial 
companies interested in neutrons. We need to keep encouraging people who use 
other techniques (synchrotrons, NMR, etc.) to think of neutrons as another 
alternative. 
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2) We need to find a better way to enumerate that we are doing '(null science' 
at a big facility. In a beautiful editorial6) John Axe asked "whether the human 
spirit is lifted more by the knowledge of the mass of the lop quark than the 
understanding of the shape of a snowflake." We must, at all costs, make the public 
understand that we are not searching to understand some exotic property of the 
neutron. Conferences like this one are therefore important steps in this 
direction. 

3) We need to collaborate better across international borders. Here, again, the 
ILL has been an outstanding example, but when it came to the financial crunch 
for the SERC (the British funding agency) in 1991 they decided — against the 
almost unanimous recommendations of the British neutron scattering community 
— that the contributions to the ILL should be cut. Unfortunately, this has done 
great damage to the spirit of European collaboration built up over 20 years. 

Without an increased effort in these three directions I predict that our 
'supply' will reduce, notwithstanding the high level of demand. 

What chance of new sources of neutrons in the 21st century ? Fusion 
reactors will provide a source, but neither steady state nor laser-driven machines 
will provide a qualitative leap in intensity over the projected spallation sources. 
For other 'new' sources we will have to await a revolution in nuclear physics; 
such revolutions are difficult as the episode of 'cold fusion' demonstrated. 

I hope we succeed in this endeavor of keeping a reasonable level of supply 
into the 21st century — I am optimistic — but it also evident that the mode of 
working for scattering experiments is going to depend further on central 
sources, despite the objections of the Peter Egelstaffs! These sources (particularly 
any reactors that are built) are just too expensive for there to be any choice. In 
this respect I'm encouraged by the developments of Collaborative Research 
Groups at ILL (Participating Research Teams at NSLS) in which individual groups 
have a strong investment in the instrumentation. This allows for the training of 
younger people and for students to actively participate, rather than just perform 
an experiment at some 'user machine' (there is a place for them as well, of 
course). In this way we can re-capture some of that blend of small and big teams 
that is so successful for our future. For example, rather than the 50 instruments 
now at the ILL, why not have 100 beams ? Its a matter that should be carefully 
considered by the planners of the ANS, ESS, and other future sources. 
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