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Objective
The European Spallation Source ESS will use cryogenics in at least three different parts of
the machine, namely the linac, the target and the experiments including instruments.
Additionally, cryogenics might be used in test stands, workshops and laboratories.
Each of these systems presents its own special challenges linked to the nature of the
client. The common challenges faced by all systems include (i) energy efficiency (ii) CAPEX
(investment costs), (iii) OPEX (running costs) and (iv) availability/reliability/operational
stability.
Energy efficiency, although closely linked to OPEX, has its own very high importance, as
the ESS is held to stringent energy consumption limits as part of its commitment to
sustainability.
The main factors for energy use in a cryogenic system are
• the absolute heat load at cryogenic temperatures
• matching of the design and operation of the cryogenic process to the load case
• efficiency of the compressor station
This report explains the basic setup of the ESS cryogenic system and includes a rough
heat load analysis based on earlier reports.
This report does not deal with energy efficiency or detailed cryogenic process design.

The ESS cryogenic system
The ESS cryogenic system will consist of several cryoplants, transfer lines and distribution
boxes as well as the clients: linac, target, experiments & instruments and possibly test
stands and a cryogenics lab. These clients will require helium at around 2K, at around 4K
and at around 20K plus whatever shield temperatures are required (possibly 50K to 80K).
The baseline concept of the cryogenic system foresees separate cryoplants to cater for the
liquid helium (LHe) needs as well as a delivery based solution for liquid nitrogen (LN2):
1. Linac cryoplant, supplying 2K LHe to the superconducting RF (SCRF) cavities of
the accelerator;
2. Target cryoplant, supplying 20K supercritical helium to the hydrogen system of
the target moderators;
3. Central liquefier, supplying LHe in mobile dewars to experiments and instruments
(E&I) as well as to cryogenic test stands, collecting, purifying and reusing their
warm return helium;
4. Liquid nitrogen - LN2 supply in mobile dewars, dispatched from one or several
storage dewars, to E&Is.
A first draft space estimate and layout is shown below in Figure 1. This space estimate is
based on experiences from the CERN LHC 18kW plants. The total area needed is around
4000 m2 - of which 2000 m2 are in normal metal structure buildings, 1000 m2 in
soundproof concrete buildings and 1000 m2 in the open.
W. Hees, ESS-AD
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The layout is a suggestion based on the principle of minimising transfer line (TL) lengths
on one hand and clustering cryogenics together on the other hand. This leads to the utility
building alongside the HEBT as ideal placement for all cryogenics (and vacuum) buildings.
The minimising of TL length serves three goals: (i) minimising heat load and therefore
OPEX, (ii) minimising TL cost and therefore CAPEX and (iii) minimising use of space in
buildings and galleries.

Figure 1: ESS cryogenics, space estimate and layout

Heat loads
The total heat load of the cryogenic system is the sum of the individual component heat
loads of the following parts:
• linac transfer line - including connection and distribution boxes
• target transfer line - including connection and distribution boxes as well as He-H2
heat exchangers and H2 transfer lines
• cryomodules - static and dynamic losses
• moderators - static and dynamic losses
• experiments - consumption of liquid helium and liquid nitrogen
• instruments - consumption of liquid helium and liquid nitrogen
• cryogenic test stands and cryolab - consumption of liquid helium and liquid nitrogen
for tests

W. Hees, ESS-AD
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Heat load on transfer lines
The proposed layout allows to estimate the TL lengths. This estimate is a minimum, which
would increase in case the layout had to change.
Linac TL:
• In case of a segmented cryomodule design - which presumes a TL along the tunnel
which is separate from the cryomodules - the following assumptions can be made:
With the proposed layout, the linac TL will be around 450m long, of which 370m are
the length of the accelerator at cryogenic temperatures and 80m the length of the TL
from coldbox to accelerator tunnel.
Experience from a range of CERN’s LHC transfer linesI shows that a typical specific
heat load for a robust TL supplying helium for 2K clients is approximately 1 W/m
@4.5K. This would translate to a combined heat load of the linac TL of 450 W @4.5K.
• In case of a continuous cryomodule design - with the cryodistribution running inside
the cryomodule string - the length of the linac TL is reduced to the length from coldbox
to accelerator tunnel: 80m. The heat load of the integrated TL in the cryomodule string
is combined with the heat load on the cryomodules. The heat load for the connecting
TL would then be 80 W @4.5K. This is rounded up for convenience to 100 W.
Target TL:
The layout of the target is not yet known in enough detail, so a length estimate of the
target TL has to be a lot less accurate than for the linac TL. A first rough estimate of 100m
seems appropriate but by no means reliable.
Lacking data on helium TLs at 20K, the safest, most conservative approach is to use the
same values as for the 4.5K lines, which would give a combined heat load of the target TL
in the range of 100 W @4.5K.
For the heat load of the He-H2 heat exchanger experience from SNS can be used,
although the validity of their numbers for ESS target is not established.
Heat load on cryomodules
The cryogenic part of the linac has a total length of about 365m, which is divided into 52m
for spoke cavities, 57m for elliptical low beta cavities and 256m for elliptical high beta
cavities.
ESS technote ESS/AD0001II gives a good overview over the heat load estimates for both
segmented and continuous cryomodule design. The approach is based on the SNS and
Tesla-XFEL cryomodules. It estimates the total heat load (static and dynamic) for the linac
to be 4.1 kW @4.5Keq for the continuous design and 7.0 kW @4.5Keq for the segmented
design.
These numbers are being updated and refined with data from newer studies from both
SNS (done by Jefferson Lab), XFEL (DESY) and possibly other sources.
Heat load on target moderators
The biggest uncertainty in this report is attached to the heat load of the target moderators
because crucial decisions - such as target design (liquid or rotating) or number, geometry
and size of moderators - have not yet been taken. Therefore, critical parameters such as
the amount of pre-moderation by H2O and the amount of gamma ray absorption by
W. Hees, ESS-AD
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moderator vessels are not determined yet. A first rough estimate by Target DivisionIII of
the dynamic heat load from the neutrons and gamma rays has an integral uncertainty
factor of 2. According to Target Division, the heat load could be around 15 kW @25K or
twice as much. This translates to 3 or 6 kW @4.5Keq. On top of this uncertainty, the
global contingency factor must be applied, as explained below under “total heat load”.
Experiments and Instruments
The load of E&Is on their dedicated cryoplant / liquid nitrogen dewar will be measured in
volume of liquid helium (LHe) respectively liquid nitrogen (LN2), rather than in kW. The
conversion of He liquefaction rate to refrigeration power is performed using an equivalent
refrigeration @4.5K of 100 W for 1 g/s, according to WagnerIV.
There will be a continuous but varying need for these cryogens. Experiments are very
varied and generally short lived. Instrument Division suggested to base a first estimate of
the consumption of these cryogens on experience at ILLV. This estimate shows a total
consumption for ESS’ E&Is of 17 l/h of LHe in normal operation with a peak load during
operation of large consumers of 35 l/h.
This assumes that a similar ratio of ESS E&Is - compared to the ILL - will need cryogens
(a safety factor of 1.5 was applied: not only 8 but 12 E&Is will need cryogens at any
time). The consumption of LN2 is estimated to 75 l/h for the full set of 22 instruments,
based on the same data from ILL.
In case the number of instruments would be upgraded to 44, the installation of a liquefier
of twice the basic capacity should be considered from the start, as the overall cost will be
significantly lower than having two separate liquefiers. An alternative could be a liquefier
which is prepared for easy upgrading.
Due to the varying nature of experiment operation and therefore the varying need for
cryogens, the easiest way to avoid bottlenecks and shortfalls in LHe supply is a healthily
sized liquefier with enough spare capacity to cover high load periods.
Total heat load
The sum of all heat loads, as presented in Table 1, gives an indication of the size of the
ESS cryogenic system and its cryoplants as well as the amount of LN2 to be purchased.
Previous studies, e.g. one performed for CERN’s LHC cryosystemVI, advise to tightly
manage overcapacity. For machines characterised by large dynamic loads, such as RF
losses, the difference between installed capacity and achieved static heat loads will
eventually set the performance limit of the machine. It is therefore deemed appropriate to
aim for an overcapacity of 1.5 times the final estimated heat load.
In the beginning of a project, as is the case for ESS now in 2011, a contingency factor
greater than 1.5 - possibly up to 2 - should be applied to the first heat load estimates.
This contingency factor will evolve over time as the heat load estimates become more and
more refined. For the first heat load estimate of the ESS cryogenic system, as presented in
this report, a contingency factor of 1.8 is assumed.
A corresponding calculation is used for the cryogen consumption of E&Is.
The conversion of equivalent heat load at 4.5 K to electrical power at the compressor is
performed using a COP of 270, which is in the typical range for cryoplants of this size.
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Table 1: ESS cryogenic system heat load budget

Conclusions
The ESS cryogenic system will consist of three cryoplants of different sizes and different
load cases. The total energy use - as estimated today - will be up to 6.6 MW.
Further detailed studies will give more reliable numbers as the project progresses.

I

LHC Project Report 615, LHC Project Report 988
Aurélien Ponton: ESS Tech Note ESS/AD/0001
III
discussion with François Plewinski in November 2010
IV
Udo Wagner: “Refrigeration” introduction at CAS
V
from discussion with Ken Andersen 2011-03-22, e-mail from E. Lelièvre 2011-03-23 and data from ILL website:
http://www.ill.eu/instruments-support/sample-environment/equipment/low-temperatures/lhe-ln2-ar-distribution
VI
S. Claudet, Ph. Lebrun, L. Serio, L. Tavian, R. vanWeelderen, U. Wagner: “Cryogenic heat load and refrigeration capacity
management at the Large Hadron Collider (LHC)” LHC Project Report 1171
II
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