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Introduction

The ESS linac will accelerate protons from rest to 2.5 GeV through a variety
of accelerating structures. One of the advantages of modern linear accelerators compared with their circular cousins is that they can typically provide
very strong confinement for very high beam currents. While in the linac,
the protons will be bunched and focused by electromagnetic fields to prevent
them from striking the walls of the accelerator and being lost. Any protons
that escape these confining fields cannot be recaptured and will eventually
interact with the materials from which the linac is constructed via various
processes. The nuclear reactions between the errant protons and the atoms
of the parent materials of the accelerator itself will result in:
• in-situ production of ionizing radiation fields (prompt radiation) and
• the production of radioactive nuclei inside the parent material (induced
activity).
In this report we address only the induced radioactivity in which radioactive
isotopes are produced within the accelerator components. These isotopes
decay, mainly by emitting betas and gammas, until they reach the valley
of stability. Since the half-lives of the radioactive isotopes can range from
fractions of seconds to years and beyond, the radiation fields will always be
present in the machine once it becomes operational and are the source for
the residual dose rates.
The purpose of this report is to evaluate the residual dose rates resulting
from proton beam losses in the RFQ (radiofrequency quadrupole), MEBT
(medium energy beam transport) and DTL (drift tube linac) sections of
the ESS accelerator. Based on these results we propose beam loss criteria
that can be used by accelerator designers that will ensure residual activation
levels in the early part of the accelerator which will be consistent with safe
hands-on maintenance as defined by both statutory regulations and ESS
administrative requirements.
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Background radiation in southern Sweden

According to the International Atomic Energy Agency (IAEA), a resident
of southern Sweden, would be exposed to between 150 and 350 mSv during his lifetime from normal background radiation1 . This is the equivalent
of roughly 2-4.5 mSv/year or 0.2-0.5 µSv/hr. Figure 1 shows the background radiation lifetime dose distribution for western Europe compiled
by the IAEA. Other sources2 report background radiation levels of only
1 mSv/year in southern Sweden.

Fig. 1: Typical lifetime doses in Western Europe (mSv).

1
2

http://www.iaea.org/Publications/Booklets/Development/fig-13.html
ess.report.ref.1093060v1.0-2010
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Dose limits for radiation workers

We have two documents that specify ionizing radiation dose limits for radiation workers at ESS; the Swedish Radiation Safety Authority Regulatory
Code3 and General Safety Objectives for ESS4 . Swedish law limits the annual e↵ective dose to radiation workers to 50 mSv/yr with a maximum dose
of 100 mSv in any 5 consecutive years. By some estimates this represents
an excessive exposure. The ESS Technical Advisory Committee (TAC) has
established more conservative limits for ESS workers2 . These dose limits are
summarized in Table 1. In this table incidents are defined as events that
occur less than once per year. Unexpected events are defined as events that
occur less than once in 10 years. By comparison CERN has set a much more
conservative limit on the e↵ective dose allowed for radiation workers as we
see in Table 2.
Tab. 1: Ionization Radiation Dose Limits for Swedish Workers.
Event
Normal operation
Incidents
Unexpected events
All cases

Statutory dose
limits
50 mSv/year

Administrative dose limits
for ESS workers2
10 mSv/year
20 mSv/event
50 mSv/event

100 mSv/5 years

Tab. 2: E↵ective Dose Limits for CERN Radiation Workers.
Time period
per week
per month
per year
per hour, unrestricted
per hour, limited stay

E↵ective dose
< 1 mSv
< 2 mSv
< 6 mSv
< 10 µSv
< 25 µSv

Radiation workers are those employees who work in a controlled environment
and have their exposure individually monitored. A controlled access area
is defined by CERN as any area having an ambient dose rate equivalent
> 0.5 µSv/hr. Based on the IAEA survey this is equivalent to any level
exceeding the natural background in Lund. For the purpose of this study
we will define the design goal for limiting uncontrolled beam loss to be that
amount of beam that results in a local dose rate of 10 µSv/hr or ⇠20 times
the natural background in Lund. While all of the ESS linac will be contained
3

http://www.stralsakerhetsmyndigheten.se/Global/Publikationer/Forfattning/
Engelska/SSMFS-2008-51E.pdf
4
General Safety Objectives for ESS, EDMS 1148774v1.0, 2011-08-25
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within an access controlled area, this will assure us that any component
meeting this guideline can be approached and maintained without further
restrictions.
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Parent materials

One can argue that in the RFQ, the MEBT and the DTL the proton beam
can interact only with copper and stainless steel. The RFQ accelerating
structure will be fabricated entirely from brazed Oxygen-free Electronic
grade (OFE) copper with possible stainless steel flanges.
In the MEBT the 3 MeV protons will see only the inside of a stainless steel
vacuum beam tube and two copper buncher cavities. Quadrupole and dipole
magnets will be mounted outside the beam tube and, while containing mild
steel, will be inaccessible to the low energy beam. Any diagnostic devices
located inside the MEBT vacuum tube will be made of copper or stainless
steel or will be completely shadowed from the beam.
In the DTL, all of the drift tubes seen by the proton beam will be made of
OFE Cu. Half of the drift tubes will contain permanent magnet quadrupoles
(PMQs) containing samarium (Sm) and cobalt (Co) but are well shadowed
by the copper noses of the drift tube as shown in Figure 2. With increasing
energy, the range of protons in copper increases but so does the thickness of
the copper in the noses of the drift tubes so protons never reach the magnets.

Fig. 2: A typical drift tube. The PQM is ”shielded” by copper.
The other half of the drift tubes will either be empty or contain diagnostic
devices or electromagnetic dipoles. In both cases these devices will be well
shadowed by the copper noses of the drift tube as in the case of the PMQs.
We can safely assume that through the end of the DTL errant protons can
interact only with pure copper or 304 grade stainless steel. We can therefore
be sure that our simulations of proton interactions with these two materials
fully characterize the radio-activation channels of interest. OFE copper
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typically has less than 40 ppm impurities. Stainless steel 304 is one of the
most commonly used materials in accelerators. Its chemical composition is
listed in Table 3. The stopping range of protons in both of these materials
is tabulated in Table 4 and shown graphically in Figure 3. Note that the
range of protons in copper and stainless steel reaches 1 cm for energies
around 80-85 MeV, corresponding to the final energy of the DTL.
Tab. 3: Composition of 304 Grade Stainless Steel.
Element
Fe
C
Cr
Ni
Mn
Si
P
S

composition %
balance
< 0.08
17.5-20
8-11
<2
<1
< 0.045
< 0.03

Tab. 4: Stopping ranges of protons in copper and stainless steel.
Energy (MeV)
1
2
3
4
5
6
7
8
9
10
20
30
40
50
60
70
80
90
100

Range in Cu (mm)
.00672
.01835
.03423
.05396
.07729
.10408
.13420
.16751
.20396
.24347
.79554
1.61
2.66
3.93
5.41
7.09
8.95
11.00
13.21

Range in SS-304 (mm)
.00646
.01851
.03517
.05602
.08080
.10934
.14150
.17714
.21620
.25860
.85389
1.73
2.88
4.26
5.87
7.70
9.73
11.96
14.38
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Fig. 3: Stopping ranges of protons in copper and stainless steel.
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Computational model

The radiological studies discussed below are based on Monte Carlo simulations of the proton interactions and transport in Cu and stainless steel using
the MARS program. MARS is a Monte Carlo code for inclusive and exclusive simulation of three-dimensional hadronic and electromagnetic cascades,
muon, heavy ion and low energy neutron transport in accelerator, detector,
spacecraft and shielding components in the energy range from a fraction of
an electronvolt up to 100 TeV 5 .
In our computational model we always assume the loss of 1 W of protons,
independent of energy, in the middle of a long copper or stainless steel (SS)
tube having a 1 cm wall thickness as illustrated in Figure 4. We assume
that the particles strike the inner wall of the tube with a trajectory that
is perpendicular to its surface at point B. Depending on their energy the
protons will stop in the wall of the tube at point C. We define point D, on
the surface of the tube as the point where we would measure contact dose
rates.











Fig. 4: Computational model for deriving radiation exposure. A: center of
the Cu/SS tube, B: proton interaction point, C: where protons stop
(BC=range), D: contact point, where residual doses are calculated.
We expect to operate the ESS linac in production mode for several months
continuously without intervention. Typically a minimum cool down period
of ⇠ 1 hour will be required following machine shut down before any worker
will be allowed to enter the tunnel and approach any accelerator equipment.
Figure 5 shows the expected residual dose rate on contact as a function of
proton energy following a 100 day production cycle for copper. The three
curves correspond to a cool down period of 1, 4 and 24 hours. Figure 6 shows
the expected residual dose rates following one year of continuous operation.
Figures 7 and 8 show the expected residual dose rate on contact as a function of proton energy following a 100 day and a 1 year production cycle
respectively in stainless steel.
5

http://www-ap.fnal.gov/MARS/intro-manual.htm
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Fig. 5: Contact dose rate for Cu resulting from 1 W of beam spill following
100 days of irradiation.

Fig. 6: Contact dose rate for Cu resulting from 1 W of beam spill following
1 year of irradiation.
In these four figures we can see that the contact dose rate decreases by
a factor of 2 to 3 after one day of cool down for all energies. Note also
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Fig. 7: Contact dose rate for stainless steel resulting from 1 W of beam spill
following 100 days of irradiation.

Fig. 8: Contact dose rate for stainless steel resulting from 1 W of beam spill
following 1 year of irradiation.
that rates have a maximum at around 80-85 MeV. This is exactly where
the proton energy range is 1 cm in both copper and stainless steel. Up to
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these energies, nuclear reactions happen within the Cu and SS, reaching the
peak at the end of their range. However, at higher energies, protons pass
through the material and create less activation in it. We note that for both
for copper and steel the dose rates are well saturated i.e. they don’t change
much with increased irradiation time.
The ESS linac will accelerate protons to 2.5 GeV. The objective of this
study is to analyze the radiation dose rates in the first 80 MeV portion of
the machine where the protons will only see copper or stainless steel. At
higher energies, in the superconducting portion of the linac errant protons
may strike either stainless steel or Niobium (Nb). For interest we have
extended our simulations of contact dose rates using our tubular model for
stainless steel. Figure 9 shows the residual contact dose rate on stainless
steel as a function of proton energy up to 2.5 GeV.

Fig. 9: Contact dose rate for stainless steel resulting from 1 W of beam spill
following 1 year of irradiation.
It’s worth mentioning that we have investigated the case in which OFE Cu is
contaminated with 10 PPM Co or Ni. We found that the contact activation
is increased by 0% (for 5 MeV incident protons), by 0.0013% (for 10 MeV
incident protons) and by 0.0010% (for 20 Mev incident protons) in case of
Co impurities; and by 0% (for 5 MeV incident protons), by 0.00009% (for
10 MeV incident protons) and by 0.0004% (for 20 Mev incident protons) in
case of Ni impurities. All this is valid for 100 days of irradiation and 4 hours
of cool down time.
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Contact residual dose rates for protons up to 5 MeV

In our simulations above we have normalized the radiation dose rates to the
loss of 1 W of protons. At 5 MeV this corresponds to a cw beam current of
1.25 ⇥ 1012 protons/sec, or 0.2 µA average current. At the ESS duty factor
of 4 % this corresponds to a peak current loss at 5 MeV of 5 µA. We can see
from Figures 5 and 7 that at 5 MeV we would expect at 5 µA continuous
beam loss locally over a period of one year to create a radioactive hot spot
having a dose rate of ⇠ 0.3 µSv/hr following a 1 hour cool down. The dose
rates drop quickly with the time as shown in Figure 10.

Fig. 10: Activity decay curve for Cu following 1 year of continuous irradiation with 0.2 µA of protons at 5 MeV cw (1 W).

