
 1 

February 2008 
The 5 MW LP ESS; best price-performance 

The ESS design described in this note is the one embraced by the ESFRI Road Maps 2006 and 2008; 
modifications from the original ESS 2003 with 2 target stations have been made more explicit. This note from 
February 2008 has been used as reference in the ESFRI process. The current version of June 2009 only adds 

some clarifications and references. 
(Feri Mezei, Peter Tindemans, Klaus Bongardt ) 

 
Introduction 
 
Since the ESS project was formally presented in 2002, further considerations in the ESS 
Initiative have led to the conclusion that an upgradable 5 MW LP spallation source would be 
the European option of choice. It is complementary to existing and planned sources, highly 
innovative, very cost-effective and is based on proven technologies. This has been endorsed 
by ESFRI and this is the facility that is on the ESFRI Road Map.  
 
More recent investigations and simulations1 have only reinforced the conclusion of the ESFRI 
Neutron Working Group2 of early 2003 that such a facility would give Europe a world-
leading position in many of the most vital areas of modern materials research.  
 
The original ESS design was for a 10 MW proton accelerator on the basis of H- ion sources 
(11 % duty cycle), with a 5 MW Short Pulse Target Station and a 5 MW Long Pulse Target 
Station, each with 20 instruments. The 5 MW LP ESS is a straightforward derivative of the 
2003 ESS design3. There will be more intense H+ ion sources at only 4 % duty cycle instead 
of H- sources; there is no SP Target Station and hence the accumulator ring is left out as well; 
the linear accelerator is exactly similar and the use for long pulse only opens up additional 
opportunities for optimization, such as selecting 1 GeV final energy of the protons instead of 
1.34 GeV, which could make the superconducting accelerator section shorter. The Target 
Station for the 5 MW LP ESS is the same as for the 2003 design. 
 
This paper analyses the 5 MW Long Pulse ESS and shows why this is the best facility to 
continue EuropeÕs world-lead in neutron science for a long time to come. 
 
Pulsed spallation sources: neutrons produced with the best energy efficiency 
 
Free neutrons for neutron beams for research purposes need to be extracted from their bound 
states in atomic nuclei. This process involves a lot of energy. In fission of 235U 190 MeV heat 
is released for each extractable fast neutron. The relevance of this energy is two-fold: it is a 
driver of both technical challenges and operational energy costs (in form of fuel and/or 
electric power). The deposited heat needs to be removed by cooling, and it ultimately 
becomes a limiting thermodynamic factor for the amount of neutrons produced. The 1.5 MW 
per liter heat release in the core of the ILL reactor is the highest power density ever achieved 
in a fission reactor. The total number of neutrons produced at ILL itself is only 4 times 
superior to that at the first dedicated reactor for neutron beam research, completed at       

                                                 
1 H. Schober, E. Farhi et al, Tailored Instrumentation to Long Pulse Neutron Spallation Sources,  
  NIMA 589,  p.34, 2008. 
2 Working Group on Neutron Facilities ESFRI, Medium to Long-Term Future Scenarios for Neutron-Based 
Science in Europe, (2003); http://neutron.neutron-eu.net/FILES/esfri_report.pdf  
3 Volume III Update (2003); http://neutron.neutron-
eu.net/n_documentation/n_reports/n_ess_reports_and_more/106 
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Chalk River, Canada in 1958. Attempts to surpass ILL by more powerful fission reactors 
proved to be unfeasible at reasonable costs.  
 
Therefore the number of neutrons available in the scattering experiments can substantially 
only be increased by improving the efficiency of their production and use. Pulsed spallation 
sources realize this increased efficiency in two ways.  
 
On the one hand, in the spallation process only about 30 MeV heat is deposited for each fast 
neutron produced. In contrast to fission, the energy here is not released by the neutron 
emission process, but provided by the energetic proton beam impinging on a heavy metal 
target. From the point of view of energy balance and operational costs the two approaches are 
roughly equivalent: It makes little difference in economy if we use the energy generating 
fission process directly in a research reactor to provide the free neutrons, or if we use the 
electricity produced in power plants by the same nuclear fission process to run the 
accelerators which help us to extract the neutrons from non-fissile nuclei. As a matter of fact, 
the absence of fissile materials in spallation neutron sources is a serious technical advantage 
over research reactors from the point of view of resources needed to meet security and 
environmental protection rules.  
 
On the other hand, pulsed neutron sources offer the distinct advantage over continuous ones, 
that a larger fraction of the neutrons produced can be delivered to the sample in 
monochromatic beams. This advantage in efficiency is becoming more and more decisive 
with the advent of high power pulsed spallation sources, such as SNS in Oak Ridge or            
J-PARC in Japan. These sources will produce considerably fewer neutrons on average over 
time than ILL, but in most experiments deliver higher beam intensities to the sample. ESS 
will be the first pulsed neutron source to produce as many neutrons as ILL and at the same 
time take full advantage of the efficiency gain by the pulsed nature of the source. 
 
This higher neutron utilization efficiency of pulsed sources can be understood as follows. At 
continuous sources monochromatic neutrons can be efficiently singled out from the 
Maxwellian neutron spectra emitted by neutron moderators by two fundamental methods. 
Using monochromator crystals or similar devices allows us to select a more or less broad 
monochromatic band from the incoming neutron spectrum and discard the rest, i.e. 90 Ð 99.99 
% of the beam emitted by the source, depending of the degree of beam monochromatization 
needed. The other, about equally efficient method is time-of-flight (TOF) technique. It 
consists of chopping the continuous beam into more or less short pulses (i.e. discarding again 
90 Ð 99.99 % of the neutrons while the chopper is closed between pulses), by which the time 
of arrival of a neutron to the sample will uniquely determine its velocity (if we took care to 
make sure Ð as it is routinely done by well known procedures Ð that at a given time only 
neutrons from a given pulse can reach the sample.) The crucial advantage in neutron economy 
of a pulsed source is achieved by the fact that the source is switched ÒoffÓ between pulses, 
and does not produce at all most of the neutrons which would need to be eliminated anyway 
in the monochromatization process.  
 
By its superior energy efficiency spallation will remain for the foreseeable future the 
technology of choice for high intensity neutron beam production. The only other nuclear 
process that produces neutrons at comparable low energy release is nuclear fusion of 
hydrogen with about 20 MeV per fast neutron. The practical value of this method for neutron 
scattering research is, however, fatally reduced by the very high energy (14 MeV) of the 
neutrons freed in the process, which can therefore be transformed into usable slow neutrons 
with only a fraction of the efficiency of spallation. In a recent study by a UK group this 
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efficiency was estimated to be 5 % or less of that in the case of spallation. This in itself 
practically rules out fusion as a candidate for neutron sources for research Ð even in the more 
distant future when the technology might eventually become available Ð in view of the much 
higher energy expenditure compared to spallation at comparable performance.  
 
The ESS concept: long pulses allow us to tap the full potentials of spallation 
 
In order to achieve high power in a way particularly adequate for cold neutron research ESS 
needed a new approach in pulsed spallation source design. At pulse repetition time of 60 ms, 
which is optimal for the slower cold neutrons, 300 kJ proton pulse energy needs to be 
delivered per pulse in order to reach the time average neutron production rate of ILL, a key 
design goal of ESS. This is more than 10 times more than currently planned at SNS and          
J-PARC (23 and 20 kJ/pulse, respectively, to be compared with 5 kJ/pulse at the previous 
generation of pulsed spallation sources, ISIS and Lujan Center). Pulses so energetic cannot be 
delivered by ring accelerators today or in the foreseeable future. On the other hand, state-of-
the art linear accelerators can easily provide this beam energy in 1-2 ms pulses. This new 
approach is called the Òlong pulseÓ method, with reference to Òshort pulseÓ technique used by 
the other just mentioned spallation sources, in which ring accelerators / storage rings deliver 
the protons in about 1 µs long pulses (as determined by the time for the protons, accelerated to 
close to the light velocity, to complete one rotation in the ring).  
 
The specifications of ESS have thus been established by two basic scientific requirements: a) 
to deliver in time average as many neutrons as the most intense continuous source in 
existence, namely ILL and b) at a pulse repetition rate that is low enough to avoid loss of 
efficiency in the use of the high flux even for the slowest neutrons in large demand. These 
conditions are met with the choice of 5 MW proton beam power in pulses with 16.67 Hz 
repetition rate. For reasons of power efficiency the pulse frequency was chosen to be a simple 
fraction (1/3) of the 50 Hz frequency of the electric power grid. Starting from here, the ESS 
project study identified the technical choices to realize these goals with best cost efficiency, 
by the use of risk free technologies which are both fully established today and will remain 
best practice for decades to come. These include a superconducting proton (H+) linear 
accelerator with final proton beam energy in the range of 1.0 GeV and about 150 mA proton 
beam current during the 2 ms long pulses; a target design combining the best practices  
 

                               
 
Figure 1. Artist’s impression of the 5MW LP ESS.  Two H+ ion sources (top left) feed protons 
into a pulsed linear accelerator, and the about  1 GeV proton  pulses are  deposited  onto the 
target station  (bottom right) where they produce the neutrons from the target material (liquid 
metal is the preferred choice). The neutron pulses are guided to the instruments in beam lines 
lines that radiate out from the target station. 
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established by the spallation sources in existence or under construction and the tremendous 
technical simplifications brought by the innovative long pulse approach; and an extensive 
instrument suite based on a uniquely powerful, innovative mix of approaches established both 
at pulsed spallation sources and continuous reactor sources. The result is a huge leap forward 
both in scientific performance and cost efficiency. 
 
The layout of the 5 MW LP ESS accelerator is shown in Figure 2. The H+ linac with a        
150 mA pulse current is straightforward derivative of the 10 MW ESS H- Reference Linac. 
Components for all sections, including funnel, are successfully tested with pulsed beams, but 
not at ESS conditions. The dissipated RF power from  200 to 400 MeV is less than half of the 
needed beam power. The shown H+ linac uses a small gradient of only 10.2 MV/m in the 
superconducting (SC) cavities, as anticipated for the 10 MW full ESS H-linac3, serving both 
SP and LP targets. A 300 mA bunch current can be handled above 400 MeV, but a careful 3D 
intensity dependent matching is required. Figure 3 shows the proposed SC lattice with 
separated warm quads for focusing. If one would increase the energy to 1.5 GeV, or 7.5 MW 
power, 27 more modules (~an additional length of 194 m) are required. Additional modules 
are placed after the bunch rotation cavity that reduces the energy spread4, enlarged in the 72m 
transport line due to the 300mA bunch current. The final frequency of 1300 MHz allows 
synergy with the existing DESY-TESLA SC equipment.  
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Figure 2: The key elements, sections and approximate length of the ESS LP accelerator. Two 
H+ ion sources are shown; the funnel section creates the single beam entering the main 
accelerator part, normal conducting up to 400 MeV and then superconducting; a transfer 
system transports the beam to the LP Target. The 1 GeV ESS linac is about 464 m in length.  
 

                          
Figure 3: 7.17m long SC linac period at 1200 MHz :6 cells/cavity, gradient of 10.2 MV/m. 
 
There are two RF feed-troughs/module and warm focusing quads allow an energy upgrade by 
installing additional cyromodules, as also envisaged for the SNS power upgrade. Details of 
the SC lattice period are listed in3. Each SC cavity has one coupler and is connected to a 

                                                 
4 K. Bongardt , ESS Plans and Synergy with CERN , CERN Report 2007-005, p.152 
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compact klystron. This important facet avoids multi MW vector modulators for power 
splitting, limiting pulse length to 1 ms, which is not optimal for neutron performance. 
Required are compact klystrons with 1.2 MW peak and 50 kW average power, including 30 % 
surplus for the RF control system and 0.3 ms for the filling and regulation procedure, 4 % RF 
duty cycle . Using 5cells /cavity leads to simplified construction of the SC cavities , improves 
efficiency for wider energy range , reduces the length of the cryomodules, but 20 % higher 
accelerating gradient is required for unchanged energy gain /cavity. 
At high rep.rate and/or for long pulse length, amplitude and phase correlations between SC  
cavities inside one cryomodule5 limit the accelerating gradient : SNS high § SC cavities are 
specified for 16 MV/m, not reached on average , as only 10 MV/m is achievable in same 
cavities . RF control system is much easier than without RF power splitting. 
 
        5 MW ESS LP linac at 350/700 MHz:  low gradient of 7.7 MV/m in the SC part 
 
By avoiding the frequency jump at 400 MeV, the 5 MW ESS H+ LP linac can operate at     
350 MHz before the funnel and at 700 MHz afterwards, length of 471m , shown in Figure 4.  

                 
Figure 4: The key elements, sections and approximate length of the 350/700MHz ESS linac  
 
The total length of the 5 MW ESS LP linac is almost unchanged by operating at                 
350/ 700 MHz , but only 26 cyromodules are needed as efficiency is improved by having              
5 cells/cavity instead of 6 cells/cavity. There will be higher construction costs for the in 
Figure 5 shown 700 MHz cryomodule. The 700 MHz SC linac needs less RF equipment but 
more cyropower . Required is a funnel section for greater beam current compared to the ESS 
Technical Report 2002, which is feasible by increasing the transition energy. Energy upgrade 
is possible by adding cyromodules later on. 

                         
                                               6.12m                                              1.9m 
Figure 5: 8.02m long SC linac period at 700MHz :5 cells/cavity, gradient of 7.7 MV/m.  
 
The SC linac period shown in Figure 5 is increased by 0.85m when choosing a 700 MHz 
cavity with 5 cells. The maximal energy gain of 6 MeV for a 700 MHz cavity with 5 cells is 

                                                 
5 J.Galambos et al , SNS Experience with a High Energy Superconducting Proton Linac , same Report . p.147 
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the same as for a 1120 MHz cavity with 6 cells, both at §= 0.8, but with improved efficiency 
and for lower accelerating gradient of 7.7 MV/m instead of 10.2 MV/m. The low accelerating 
gradient of 7.7 MV/m in the SC cavities is well below the threshold for onset of field 
correlations in the SNS SC high § cavities. Therefore in spite of 2 ms pulse length,  
minimized are amplitude and phase correlations between SC cavities inside one cyromodule 
and reduced is needed RF control power. This leads to easier start-up procedure and reduces 
particle loss. Activation in the SNS SC linac is noticeable for more than 50 kW beam power , 
inspite of larger aperture .  
Depending on the ESS upgrade plan, the transition energy and § value for the 5cell SC cavity 
will be optimized. As an example, 5cell SC cavities at §= 0.8 are efficient from 0.35 GeV to 
1.5 GeV, resulting in 7.5 MW power. Added must be 24 more cyromodules , an additional 
length of 192 m. The needed AC power of about 65 MW for such a ESS H+ facility with one 
7.5 MW LP target is about half of the 107 MW AC power for 10 MW full ESS H- facility, 
serving SP and L P targets .Included are about 33MW AC power for the 7.5MW H+ linac. 
 
Applying a funnel scheme leads to a robust ESS LP linac design with acceptable pulse / 
bunch currents and low accelerating gradient in SC cavities. RF field control in pulsed SC 
cavities is much easier and particle loss will be reduced .Only one teststand for the high § SC 
cryomodule is needed. Synergy is possible with other discussed European multi MW linacs at 
350/700MHz, but still most components will be special for the 2 msc pulsed ESS linac.  
 
Neutron power of ESS in terms of unprecedented scientific performance 
 
The power of ESS in terms of unprecedented scientific performance is illustrated in Figure 6 
by a representative example in one of the most rapidly growing areas in modern neutron 
research, the nanoscale study of surfaces and interfaces by neutron reflectometry. Very 
successful reflectometers have been built on continuous neutron sources by using both crystal 
and TOF monochromators, so the comparison of different cases can be simply illustrated here 
by considering the TOF method both for continuous and pulsed sources. The figure shows the 
shape and intensity of the neutron pulses that can be delivered at different facilities for an 
intensity optimized reflectometer (aiming at 5 % wavelength resolution at 4 •  incoming 
neutron wavelength for 13 m long neutron flight path): at ISIS first target station, at SNS at 
full 1.4 MW power, LP ESS at 5 MW specified power and at ILL.  
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Figure 6. Neutron pulses that can be made available for a high intensity reflectometer at 
5MW ESS LP and other neutron sources. The ratio of the areas of the pulses represents the 
relative power of the various sources in this example: from left to right 1 : 13 : 110 : 3. (The 
pulses are at arbitrary position on the time scale, used to show pulse lengths only.) 
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For the two short pulse sources ISIS and SNS the pulses are the source pulses themselves as 
emerging from the high resolution cold neutron moderator at ISIS and the high intensity 
(longer pulse) moderator at SNS. It is to be noted that at short pulse sources the length of the 
neutron pulses remains much longer than the 1 µs short proton beam pulses one starts with. 
For ILL and ESS the pulses are created by choppers, as example 0.7 ms for ESS and ILL. 
(The technique for using choppers in a clean way, avoiding confusion between neutrons from 
different pulses and for pulse shaping at continuous and ESS type long pulse sources are well 
established, as discussed in the ESS Update Report 20033.) The huge progress brought by 
ESS is duly illustrated by the neutron intensities (pulse area) in the different cases.  
The pulse length for the required resolution could be longer in the cases of ISIS and SNS, but 
it is given by a limited choice of types of moderators and fix for each beam-line. Thus in these 
two cases we loose beam intensity by having to work with too good resolution, i.e. too short 
pulses. (This cannot be compensated here by bringing the sample closer to the source: 13 m is 
about the closest one can be at.) At the same time, the long tailed line shape is not 
advantageous compared to the more the compact pulses at ILL and ESS. If better resolution is 
required, the chopper shaped pulses at ESS (and ILL) can also be flexibly shortened. The total 
beam intensity on the sample will also depend on pulse repetition rate, which at the ILL can 
be chosen with full flexibility. At ESS it will be limited to 16.67 Hz in this case, although 
there are well established methods to increase the effective pulse repetition rate on the sample 
in inelastic scattering work. Therefore at ESS in reality we would rather choose 40 m distance 
to the sample (bridged by a neutron guide to practically eliminate beam losses) and use 3 
times longer pulse then shown in Figure 6, i.e. the full unshaped 2 ms source pulse in order to 
achieve the same resolution. This will leave the intensity relations inferred from the figure 
unchanged.  
 
ESS offers decisive competitive edge  
 
It is obvious in this example, that the figure-of-merit of the source, which can be identified 
with the beam intensity delivered for reaching a given resolution, scales with the peak of the 
pulse, as long as the pulse is long enough to fill the acceptable duration with a convenient line 
shape (such as for ILL or ESS in the figure), and it will be reduced in proportion to the 
excessive resolution for pulses too short. Figure 7 summarizes the performance of three top of 
the line neutron sources for neutrons with different wavelengths. No details are given in the 
hot and epithermal neutron energy range (λ < 0.8 • ). This range is well covered by ILL and 
the short pulse sources and only represents a small fraction of less than 10 % of neutron 
scattering research needs. ESS was optimized for the cold and thermal neutron ranges, in 
order to best meet the needs of the bulk of condensed matter studies. The figure clearly shows 
that ESS brings 10 Ð 40 fold gains in sensitivity (neutron intensity) compared to ILL for all 
neutron scattering work with thermal and cold neutrons and will perform from about equally 
powerful to 10 times superior compared to both top of the line overseas facilities under 
commissioning or construction, the SNS and the rather similar J-PARC complex. 
 
In Figure 7 the range of figure-of-merit (F) of the two pulsed sources ESS and SNS are shown 
for the full variety of neutron scattering experiments by the green and blue areas, respectively, 
where it differs from the curves representing the brilliance of the different sources and 
moderators at the peak of the pulses. As illustrated in the example of Figure 6 , excessive 
resolution due to too short pulses is the reason for the deviation of F from the peak brilliance. 
At a continuous source any length of pulse can be delivered by proper chopping, thus the 
source brilliance is always the figure-of-merit. The more favourable, compact, on both sides 
sharper line shape of ESS (see Figure 6) provides more intensity at the same effective 
resolution than the long tailed pulses from short pulse sources. While pulse shaping by 
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choppers can be effectively used for all sources in inelastic spectroscopy, however in 
diffraction on crystalline samples and other elastic scattering work the figure-of-merit of the 
short pulse sources will have an upper limit somewhat below their full peak brilliance. These 
reduced upper limits are represented by the colour matched dotted lines in Figure 76.  

 
Figure 7. Figure-of-merit F for various neutron sources for the typical variety of neutron 
scattering experiments using more or less monochromatic neutron beams of thermal and cold 
neutron. The source peak brilliance curves represent F or the upper boundary of the ranges 
of F shown as blue and green areas for SNS and ESS, respectively. The dotted lines represent 
specific upper limits for F in diffraction type experiments. The hot and epithermal neutron 
energy range (wavelength < 0.8 Å) is not considered in the figure. The bi-spectral moderator 
concept is based on a novel beam extraction system7. The first example of this novel 
extraction system has been installed and successfully tested in the new guide hall at 
Helmholtz Zentrum Berlin, formerly HMI.  
 
ESS: radically innovative use of well established, conservative technologies 
 
A key feature of the ESS concept is to achieve best performance by optimally sharing the 
tasks between the different system components. This makes possible to eliminate technical 
challenges, relax many specifications and to only select experimentally well established 
technical components and procedures. The choice of long proton beam pulses is the central 
example. By producing the proton pulses with a linear accelerator only and thus eliminating 
the need for a ring accelerator, not only the most challenging accelerator design and operation 
issues are fully removed, but the linear accelerator could also be greatly simplified. For 
example ESS can use proton (H+) ion sources (at 4 % duty cycle), of which several prototypes 
have been built with the performance needed for ESS (about 85 mA ion current), instead of 
the more complicated, expensive and delicate H- sources, which have not achieved in the past 

                                                 
6F. Mezei, New perspectives from new generation of neutron sources, C.R.Physique 8, No7-8, p. 909, 2007,  
7 F. Mezei and M. Russina, Patent application of 23.01.2002, Deutsches Patent- u. Markenamt, 102 03591.1, 
http://neutron.neutron-eu.net/FILES/VolII.pdf 
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comparable performance to H+ ion sources. The successful example of the SNS linac also 
shows the lack of technical risks in the realization of the ESS linear accelerator.  
 
The task of producing short neutron pulses for high wavelength-resolution experiments has 
been transferred at ESS from the accelerator to innovative instrumentation concepts, such as 
repetition rate multiplying chopper systems. These novel instrument design approaches again 
are based on the innovative combination of components routinely used since decades at 
pulsed and/or continuous sources. Thus an adequate set of moderate speed disc choppers of 
the type in common use in TOF spectrometers at reactor sources can without the need of 
solving any new technical challenge flexibly and efficiently cut the length of the 2 ms long 
ESS source pulses to even shorter duration than those available at short pulse sources.  
 
Most significantly, this technically conservative approach also applies to the target system, 
which in contrast proved to be the most challenging part of the high power short pulse 
sources. The resistance of the target system to wear and tear under irradiation by the energetic 
long pulse proton beam has also been fully established by existing relevant examples and 
unambiguous mathematical evidence. Target material damage is caused by the proton beam in 
two main respects: radiation damage and the mechanical consequences of the shock wave due 
to the sudden deposition of considerable amount of energy in pulses. The part of the reference 
target system of ESS directly exposed to the proton beam irradiation is a high resistance 
container filled with liquid mercury. As for both SNS and J-PARC, circulating liquid was 
chosen as the target for fast neutron generation by the spallation process, in order to eliminate 
radiation damage in the target material and provide some cooling at the same time. Previous 
experience has amply demonstrated the availability of possible target container wall materials 
with sufficient resistance to radiation damage to keep the frequency of regular, periodic 
exchange of the target container reasonably low, like the beam dump at the pulsed 1 MW 
LAMPF accelerator at Los Alamos. The liquid PbBi target at the MW class continuous 
spallation source at PSI, Villigen8 have absorbed without substantial damage proton beam 
irradiation doses equivalent to half month operation of a 5 MW ESS facility. The liquid 
mercury target at SNS9 operates successfully since 2006 at low beam power at the beginning, 
and aiming for 1MW at the target by end of fiscal year 2009. Both spallation sources provide 
the practical proof for the engineering feasibility, safety and reliability of liquid metal 
spallation target systems.  
 
The full impact of shock waves due to the pulsed nature of the proton beam hitting the target 
has only been realized when SNS was already under construction. This proved to be an 
important technical challenge for short pulse spallation sources, but it can be rigorously 
shown that the long pulse approach adopted by ESS is on the safe side, well in line with the 
conservative technical approach of the whole project. Indeed, specifications of SNS call for 
23 kJ proton beam energy deposited per pulse to the target in less than 1 µs time. This 
corresponds to an instantaneous power of more than 20 GW during the pulse, i.e. some 20 
times of the power represented by all the falling water in Niagara Falls. At ESS the             
300 kJ/pulse beam energy in 2 ms means 150 MW instantaneous power, which is just about 
the same as the continuous power of the reputed neutron scattering research reactor HIFR at 
Oak Ridge. This comparison alone makes it obvious that there is little in common between 
short and long pulse approaches in this respect. 
 

                                                 
8 PSI press release, (Jan 2007): 
http://www.psi.ch/medien/Medienmitteilungen/mm_megapie_jan07/PSI_MM_Megapie_Jan07_BgInfo_E.pdf 
9 SNS beam status: http://neutrons.ornl.gov/diagnostics/channel13/ch14.html. 
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More precisely, a major part of the energy carried by the proton beam will be deposited as 
heat in the target. This will induce a temperature jump of the irradiated volume of the target, 
which for an energy per pulse of 23 kJ will amount to up to 6 ¡C for each pulse within the 
about 2 litre of irradiated volume of mercury. It is easy to realize, that inertia in the heavy 
target material mercury will not allow thermal expansion to happen in very short time, the 
heat needs to be absorbed under inertial confinement to constant volume. The 6 ¡C change in 
temperature (substantial cooling can only happen within the ÒlongÓ time between pulses) 
corresponds in constant volume to a 290 bar jump in pressure, in view of the thermal 
expansion coefficient and bulk modulus of mercury. This pressure jump will travel as a shock 
wave with the velocity of sound (1450 m/s in mercury) and bounce back and forth in the 
target container, eventually causing cavitation and damage at the walls. However, the 
propagation of sound waves also opens up a channel for the target material to expand and 
actually for an about 8 cm diameter proton beam it will take about 30 µs to start to release the 
pressure by expansion towards the adjacent volume of mercury just outside the proton beam.  
Within 30 µs only ~ 4 kJ will be deposited from the full ESS long pulse in the target, and 
during the whole 2 ms duration of the pulse the expansion will be gradually distributed over 
the whole, some two orders of magnitude bigger volume of mercury in the whole target 
container, reducing the resulting pressure in proportion. Also, the shock waves bouncing 
around will only be due to the energy deposited within the 30 µs inertial confinement time, 
riding on the top of the pressure continuously spreading from the irradiated volume into the 
whole target container volume. The level of pressure/shock wave load for the ESS long pulses 
has already been successfully mastered and substantially surpassed, e.g. by the 10 kJ energy 
per pulse commissioning operation of SNS. Thus, as it has been very conservatively 
concluded during the ESS project, the shock wave problem with long pulses will possibly 
only occur well beyond 20 times more energy per pulse than for short pulses. For the          
300 kJ/pulse, this indeed offers sufficient proven safety margin for the ESS design.  
  
The ESS long pulse approach is far from its technological limits 
 
It is to be stressed, that in all aspects of technical challenges (linear accelerator, all of its 
components, target system and components) the already available experimental evidence 
implies limits of feasibility way above the very conservatively chosen parameters of ESS (by 
a factor of at least 3-5). Thus the long pulse spallation source approach inaugurated by the 
ESS project opens up a technology with huge perspectives of later enhancements. Allowing in 
addition for some innovation in the future e.g. in the form of already proposed bolder 
technical solutions, the foreseeable limits of this technology lie above an order of magnitude 
beyond ESS. With a containerless, liquid jet type lead target or solid rotating wheel target 
some 1000¡ C temperature jump per long pulse can be envisaged (where the high temperature 
can also provide for immediate annealing of radiation damage) compared to 100¡ C for ESS. 
As high power accelerators are reasonably efficient (for the 1 GeV ESS LP linac about 20 % 
of the total power consumption ends up as proton beam power; increased power by adding 
more SC cavities improves power efficiency further) we can envisage to economically operate 
spallation sources with time average power comparable to reactors. A higher final proton 
energy of 3 GeV would already lead to 15 MW average, 450 MW peak power (and 900 kJ 
pulse energy).  
 
ESS is most cost effective 
 
While its performance exceeds that of ILL by more than an order of magnitude on average 
across the board in neutron scattering research and it provides the same time average flux as 
ILL for irradiation type experiments, the operating costs of ESS will only marginally exceed 
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those of ILL. (Detailed calculations performed on the basis of 2002 value resulted in an 
excess of less than 20 %). Compared to SNS and J-PARC, ESS represents in effect the next 
generation for cold neutron research and also offers some competitive advantage for thermal 
neutrons at comparable construction costs in spite of the much higher total power. This is 
achieved by the much less demanding accelerator technology to be implemented in the 
absence of ring accelerator. For the same reason the operational costs will be considerable less 
than for these short pulse facilities.  
 
At the same time ESS could provide room for at least as many beam lines as ILL (i.e. 35 Ð 
40), which means some 60 Ð 70 % more than short pulse target stations at SNS and J-PARC. 
This is due to the fact, that the long pulse environment has more similarity to reactors than 
short pulse sources; in particular more instruments can be envisaged to be placed on neutron 
guides of similar or larger length than common in reactor guide halls. For ESS this will hold 
also for thermal neutron instruments, since modern supermirror based ballistic type neutron 
guides can transport higher beam divergence for neutron wavelengths > 0.9 •  than one can 
achieve by the direct view of the source moderators from the shortest feasible sample 
distances.  
 
Finally, there is no indication that technological developments in the foreseeable future could 
essentially reduce the costs of building or operating a neutron source with the performance 
aimed at by ESS. In particular it is occasionally argued that a ring accelerator could be more 
efficient than a linear one, since the accelerating structures are passed through by the protons 
several times. Detailed studies were performed for ESS and SNS scenarios, neither leading to 
savings in capital nor operating costs for multi MW facilities. In the first place conventional 
synchrotrons with a lot of pulsed bending magnets for proton beams close to the velocity of 
light require huge amounts of power to be dumped over the RF cycle, leading to lower 
operational energy efficiency. From the technological point of view serious development 
work would be necessary, and if something new would pop up (e.g. the so called FFAG 
technology for multi-MW short proton pulses10, though fixed field FFAG rings are better 
suited for high energy and low current than for low energy and high current) it could not be 
developed in less than two decades or more to the level of reliable routine operation needed 
for a spallation neutron source. Moreover, even forgetting the huge development costs, the 
savings would be at best marginal for ESS. The linear accelerator needed for ESS is rather 
short (some 460m), construction costs of the 4 % duty cycle ESS LP linear accelerator 
(without power supplies, for these will be anyhow needed) will be about 20 % of the whole    
5 MW ESS project (as confirmed by the actual costs of the multi MW SNS injector linac). 

 

                                                 
10 G.H.Rees, An FFAG Proton Driver for a Neutrino Factory, ICFA Beam Dynamics Newsletter 43, August 07 


