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Abstract

Compared with the present operation of LEP at
45 GeV it is expected that radiation levels in the
machine tunnel due to synchrotron radiation will
increase by more than two orders of magnitude for an
operational energy of 95 GeV. This will also increase the
concentration of ozone and nitric dioxide in air. In the
presence of water these two compounds will give rise to a
radiochemical attack on metallic surfaces leading to their
corrosion. Experience from other laboratories is
presented and is used to make predictions in the case of
LEP.

1 INTRODUCTION

The adverse influence of ionising radiation on
accelerator components known as radiation damage has
been known since long and will only indirectly be dealt
with in this paper. In fact, what will be covered in the
following is rather the effect of radiolytical products
formed in air by ionising radiation that damage materials
in the presence of water, a phenomenon commonly
known as corrosion.

Although many horror stories concerning corrosion
in accelerator environments are circulating very few
quantitative studies are available in the literature. When
corrosion due to synchrotron radiation was noticed the
attitude both at DESY and SLAC was rather: Fight but
don't study it!

In fact, the only investigations that could be called a
study on radiation damage in electron-positron storage
rings due to the action of corrosive products were
performed around the TRISTAN machine [1]. It is
however astonishing that in some cases of severe
radiation damage described in this paper the devil was
exorcized by Belial, i. e. when it was found out that
polyethylene used as an insulator in connectors
deteriorated too rapidly under the influence of radiation
and humidity this plastic was replaced by Teflon known
to be one of the worst materials with respect to radiation
resistance. In addition the decomposition of Teflon gives
rise to hydrofluoric acid, which is one of the most
corrosive agents known. Even protective coatings
brought unto metal surfaces did not resist its attack. It is
obvious that the use of polyvinylchloride should be
banned from use in a radiation environment on similar
grounds i.e. the formation of hydrochloric acid. At KEK

the use of polystyrene and polyamide as insulating
materials in connectors eventually turned out to be
acceptable.

If all precautions are taken in the selection of
materials as has been done in the case of LEP there
remains however the problem of the corrosive action of
nitric acid HNO3 formed in the presence of water by the
oxides of nitrogen.

2 RADIATION LEVELS IN THE LEP
TUNNEL

Radiation levels caused by synchrotron radiation in
the LEP tunnel have been calculated for the given
machine layout and shielding configuration in the past
and extensive tables with data that will not be repeated
here can be found in the ENB-Report [2]. Confidence in
the calculated results was established by comparing the
dose values with measured data for an operational energy
of LEP of 45 GeV that are shown in figure 1 normalised
to grays in air per amperehour [3]. The doses were

Region
1
2
3
4
5

Calculated
with MORSE

58 ± 2
17 ± 3

2.7 ±0.2
1.45 ±0.08

30 ± 2

Measured
TLD (LiF)
137, 177

32.9, 34.4
2.59, 6.25

1.06, 3.21, 3.38
28.2*

by
Ion chamber

26.1
9.8

0.59
0.58

-

* Mean value of 16 dose values varying from 2.6 to 95.6

Figure 1: Measured and calculated doses from
synchrotron radiation in the LEP-Tunnel at 45 GeV in
Gy/Ah [3].



calculated with the Monte Carlo program MORSE where
the deposited energy in air was computed in regions of
the LEP tunnel surrounding a dipole magnet.
Measurements were performed using thennoluminescent
detectors (TLD) and ionisation chambers. It is noted that
the TLD doses are systematically higher while those
measured by ionisation chambers are lower than the
calculated values. This should be an effect of the rather
low energy spectrum of the synchrotron radiation. The
ionisation chamber has a rather thick wall such that an
absorption of the photon radiation is likely while the
response of LiF increases at lower photon energies
compared to its calibration which is generally performed
with higher energy photons.
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Figure 2: Dose measurements in LEP along half cell 235.

Other dose measurements performed in the LEP
tunnel concern the distribution of radiation levels along
the bending magnets of a half cell across a gap where the
two vacuum chambers are connected by an unshielded
bellow. In figure 2 the results of TLD measurements are
shown for the half cell 235 near the underground area
UJ23. At the present operational energy of 45 GeV the
magnet yoke presents a good shielding towards the
position of the cable trays with an increase of dose at the
place of the unshielded bellow of more than an order of
magnitude. In the direction of the passage way the
radiation field is more uniform due to the effect of
photon scattering from the walls and in the air.

When extrapolating the doses at 45 GeV to higher
operational energies of LEP the following facts must be
considered: The synchrotron radiation power will
increase proportionally to the fourth power of the
operational energy with the photon spectrum becoming
harder and thus more penetrating. Figure 3 shows two
synchrotron radiation spectra for 45.6 and 100 GeV
operational energy while in figure 4 the efficiency of lead
shielding to photons as a function of LEP energies is
presented. [4],
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Figure 3: Synchrotron radiation spectra for LEP energies
of 45.6 and 100 GeV.

Table 1.: Synchrotron radiation power produced and
penetrating into the LEP-Tunnel [5].

Beam
energy
in GeV

45
50
55
60
70
80

86f
90

100

Total
synchrotron
power loss
in kW per
mAfor2

beams
234
357
523
741
1372
2341
3126
3750
5715

Critical
energy

sc

inkeV

65
90
119
155
246
367
456
522
716

Attenuation
of

synchrotron
radiation by
lead shield

800
800*
700
610
420
280
216
182
121

Synchrotroi
radiation

power pene
trating into

the LEP
tunnel in W

293
446
747
1760
3270
8360
14500
20600
47200

* Anomaly in the attenuation due to the K-edge ab-
sorption in lead.
t Possible stage in beam energy assumed in the
provisional INB-Report.

Increase in synchrotron radiation power and greater
penetration result in the data given in table 1 which
show clearly that for the same beam current doses in the
LEP tunnel will increase by a factor of 70 going from 45
to 90 GeV. Higher beam currents than presently used
will result in even higher figures. This increase will have



severe consequences for the production of ozone and
nitric dioxide, the latter being the precursor of nitric
acid.
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Figure 4: Broad beam attenuation of dose in lead of
density 11.35 g/cm3 for synchrotron radiation spectra at
LEP energies of 55, 70, 86 and 100 GeV [4].

3 AN EXCURSION INTO RADIATION
CHEMISTRY

The generation of ozone and the subsequent formation of
nitric acid under the influence of ionising radiation is a
rather complex process depending much on the initial
conditions of the system, in particular of impurities in
the air that may serve as partners in the radiochemical
reactions [6]. In an initially pure system following the
ionisation of air by synchrotron radiation

O2 -> O2 + e and N2 -> N2 + e (1)

the primary reactions of N2 ions will be either charge
exchange with oxygen molecules or neutralisation that
leads to the formation of two nitrogen atoms:

N2 • O 2 - > N 2 + O 2
+ or N 2

+ + e - > N + N (2)

while due to their great affinity to free electrons the O2

ion will be rapidly neutralised creating two extremely
reactive oxygen atoms:

O2 + e -> O + O (3).

The rather high G-value1 for the formation of ozone of
more than 7 is explained by the formation of more
oxygen atoms than just through the neutralisation
reaction viz.:

O 2 -»NO + O and N + NO->N2 (4)

with nitric oxide serving as a catalytic body. The final
reaction of all these oxygen atoms is then:

O + 2 O2 -> O3 + O2 (5)

where one oxygen molecule serves as the third body
taking up part of the kinetic energy of the final reaction
products. While the ozone and nitric oxide
concentrations are building up in a system they start to
react with each other to form nitric dioxide:

NO + O3 -> NO2 + O2 (6)

and being a three body reaction to a lesser extent via:

O 2 ->2NO 2 (7)

In the presence of water nitric dioxide forms nitric and
nitrosic acids:

2 NO2 + H2O -> HNO3 + HNO2 (8)

Nitrosic acid is unstable and is oxidised rapidly to nitric
acid.

At KEK it was found that nitric acid leads to a corrosion
of vacuum chambers made from aluminium and that also
beryllium used as beam window material in TRISTAN
was heavily oxidised. The fact that the presence of water
is indispensable for the formation of corrosive substances
based on NO2 was shown impressively as metal pieces
being kept at higher temperatures than the dew point
were chemically not attacked. Hence, to keep the
presence of water low is an obvious means to avoid or to
reduce corrosion considerably. Another method
described is to hamper the formation of NO2 by
excluding oxygen from the air that surrounds critical
metal surfaces i. e. by blowing nitrogen onto aluminium
bellows. The ventilation of confined spaces with normal
air avoids the build-up of corrosive products and hence
reduces the oxidation considerably.

'Number of chemical species formed (i.e. ozone molecules in
this case) per 100 eV of energy absorbed in air.
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4 THE SITUATION OF LEP

In view of the low synchrotron radiation levels in the
LEP tunnel neither ozone nor nitric dioxide could be
detected at CERN up to now, except in a special
experiment that was set up in the vicinity of a wiggler
magnet. At KEK, however, both chemical species could
be measured but no quantitative correlation of
concentrations with photon intensity was made [7].
While the steady state concentration for ozone reached
40 ppb the concentration of nitric dioxide stabilised at a
lower value of 6 ppb.

Table 2: Concentrations of ozone and nitric dioxide at
saturation at different places in the LEP tunnel [8, 2].
Operational
energy in

GeV
45
100

100

100

Air

in tunnel
in tunnel

in pocket of
the magnetic

yoke
between

bellow and
lead shield

Energy
deposition* in

e V c m ' V
6 10s

3.5 1011

7.6 1012

1.2 1013

o3
in

ppb
2

1200

16 000

17 000

NO2

in
ppb

1
600

8000t

8500t

* for beam currents of 2- 5.5 mA
t in the original report [8] these values were not given
but are included here for completeness (see text)

In the case of LEP calculated values are given in
table 2. For a complete and detailed description of the
reaction dynamics including the effect of ventilation on
the concentrations LEP Note 379 should be
consulted [9]. Note that the values for the formation of
NO2 are based on a G-value of 4.8 taken from the
literature which is roughly half the one for the
production of ozone i.e. 7.4. These G-values actually
depend on the density of the energy deposition in air and
were measured for 1020 eV cm"3 s"1, an energy deposition
much higher than those calculated in LEP [5].

As far as ozone concentrations are concerned
measurements made at the Brookhaven National
Synchrotron Light Source confirm the predictions in

--3 „-!table 2 as for a power density of 5.64 10 eV cm" s
with no venting an ozone concentration of 20 000 ppb
was measured [10]. A confirmation on the predictions of
the concentrations of NO2, the precursor for the forma-
tion of nitric acid is more difficult since the measure-
ments at KEK show a nitric dioxide concentration which
is only 15 % of the ozone value. This would point to a
lower G-value for the formation of NO2 at energy
depositions of the order of 1010 eV cm'3 s"1 than
previously assumed. Another explanation could be that at
these relatively low energy densities the concentration of
the reactive species are so low that the three body
reaction (7) is contributing only very little to the

formation of nitric dioxide. But even if the
concentrations of nitric dioxide in the LEP tunnel are
less than have been estimated previously considerable
corrosion problems are expected in the presence of water
once nitric acid is formed via reaction (8).

1.50,

40 90 10050 60 70 80
Relative humidity in %

Figure 5: Corrosion of iron surfaces by hydrochloric
acid as a function of relative humidity in air [11].
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Figure 6: Ventilation of confined spaces according to
Richter [13].

In figure 5 the influence of relative humidity in air on
the corrosion of iron surfaces in the presence of



hydrochloric acid is shown. Such chemical attack has
been seen at CERN in areas of high radiation levels in
the presence of deteriorated polyvinylchloride. No
quantitative data are however available for nitric acid but
lowering the relative humidity below 45 % has a
dramatic effect on corrosion in the case of hydrochloric
acid. Such a low value avoids the deposition of thin
water layers on metallic surfaces as a prerequisite for the
formation of liquid acids.

Hence, one of the remedies to protect metal surfaces
from the attack of acids is the exclusion of water by
heating up critical surfaces above the dew point as
demonstrated at KEK and already used in LEP [12].

As shown in table 2, high concentrations of ozone
and consequently nitric dioxides are expected in the case
of LEP for unventilated spaces like the inner gap of the
magnetic yoke or the space between the bellows and their
lead shield. For such situations filling of these pockets
with nitrogen or helium has been proposed in KEK but
venting these spaces is another solution that will avoid
the build-up of ozone and nitric acid and hence reduce
the risk of corrosion. A possible solution for LEP has
been proposed by Richter already in 1980 as shown in
figure 6.

4 CONCLUSIONS
All efforts have been made in the construction of LEP to
chose materials resistant against radiation and chemical
attack [12]. However, the increase in beam energy and
intensity will increase dose levels from synchrotron
radiation by two orders of magnitude and measures must
be taken in order to keep the corrosion of equipment in
the LEP tunnel small. Obvious remedies are:

• Complete the lead shielding of the machine to keep
radiation levels low and hence diminish the
formation of ozone and nitric dioxide in the air.

• Lower the relative humidity of the tunnel air to
values of the order of 40 % to avoid the deposition of
water layers on metallic surfaces that are necessary
for the formation of nitric acid. This has to be done
possibly before the onset of any corrosion since once
the process has started the chemical products already
formed tend to be hygroscopic.

• Use the technique of warm surfaces to protect critical
surfaces from chemical attack.

• Avoid the existence of unventilated air pockets where
the build-up of ozone and nitric dioxide leads to high
concentrations of these gases.

There is obviously a discrepancy between the first and
the last point of these recommendations as far a the
shielding of the bellows are concerned. Due to their thin
metal sheets they are particularly vulnerable to any
damage and a build up of ozone and nitric acid near to
their surfaces should be avoided. On the other hand
leaving these bellows unshielded will increase the

general level of radiation in the LEP tunnel. It is planned
to investigate this problem as beam energies increase
considering as well the financial implications of
shielding the bellows.
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