7. Radiation Safety

7.1 General Considerations

As a consequence of the interaction between radiation and matter, energy is transferred
from the radiation field to the ater. The energy transferred to efeos may be sufficient

to make the charge separation [1]. lemizing radiationis the radiation that causes the
ionization of the interacting mattdonizing radiation can be classified in twategories:
immediately ionizing radiatioandindirect (oblique) ionizing radiation

Immediately ionizing radiatiogonsists of charged particles the kinetic energy of which is
enough for making ionization while colliding with the atoms of tretamal. As examples

of this can bex - and 3 - radiations of radio-nuclides, proton andatton radiations of the
accelerators, etc.

Obligue ionizing radiationconsists of not charged (neutral) particles that produce the
origination of charged particles enabling immediately the ioozatExamples of oblique
ionizing radiation are neutron and photon radiations.

lonizing radiation, by intexcting with the matter, transfers its energy to it with small but
finite portions. The transferred energyeslizing in theprocesses of ionization, esation,

elastic collisions; part of the energy goes to the increasing of the mass rest of irradiating
matter. The energy, which remains in considered volumepaondsabsorbed radiation
energy In a dosimetry, however, in absorbed energy do not include a radiation energy
expended on augmentation of a rest mass of irradiated material.

Radiation and radioactivity heels Radiation and radioactivity levels of CANDLE light
source need to be judged against the reference levels in order @testim overall health

risk they represent. Reference levels relating to radiation safety established by the
Parliament of Republic of Armenia are based on internationally accepted
recommendations. A possible set of guidelines against which the significance of exposure
to radiation near an accelerator may be judged is given in Tdble[2].

Table 7.1.1 Guiclines to the significance of exposure to radiation

Exposure Significance
3.5Sv(sievert) 50% chance of survival
> 1 Sv Serious to lethal
> 50 mSv Requiring medical checks
50 mSv-y* Occupational dose limit
15 — 50 mSv-y* Strict dose control necessaty

5—15 mSv-y Professional exposure

<5 mSv-y" Minimum control necessary
1 mSv-y" Natural background
<1 mSv-y" Insignificant

The dose levels considered in this table are those to a person rather than that existing near

machine. The annual occupational dose limit of 15 m3wyas considered as the upper
limit for the exposure of radiation workers oANDLE not exceeding the radiation limits

currently in apptiation in the Hropean accelerator centers (e.g., CERN - 15 m&v-y
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DIAMOND - 20 mSv-y ") [3], and taking as a basis a mortality risictor due to radiation
induced cancers of T(per Sv. However, the occupational dose limit for the general public
and non-radiation workers was considered to be at the level of 1 th®wag corresponds

to average natural background level as recommended by the International Commission on
Radiological ProtectioCRP) [4].

Operation Schedule and Normal Beam Loss Estimates.

The annual BNDLE storage ring operation schedule is dictated by the experimental
scientific program, facilities stattp and machine development. Theextpd G\NDLE

storage ring operation schedules an one-month start-up prior to a 10-month scientific
program. Machine development is scheduled for 1 day per week during the 10 months
scientific program.

For the nominal circulating current in the booster of 5 mA, the 3 Gedtreh beam is
injected into the ring at average ratedddx10° electrons/s. With 2 Hz repetitioate and

640 ns particle revolution time in booster, this corresponds to average current of 6.4 nA.
The power transmitted to storage ring is th&m® W. In less than 1 minute the current of
350 mA is stored in the main ring. Particles in the storage ring lose the energy to
synchrotron radiation that is replenished by the RF system. The lifetime of the stored beam
in CANDLE storage ring is 18.4 hours, so the storedtebn current vl slowly decay (by

e = 2.72 times in 18.4 hours). The beam current of 350 mA is restored via the beam damp
after 12 hours and fresh filling of the storage ring from 0 mA to 350 mA (normal operation
mode) or after continuous replenishment of the stored current asciéy delow 95%
(“top-up” operation mode).

Normal operation modeln the normal operation mode, the storage ring will be fresh filled
twice per day, each 12 hours, from 0 mA to 350 mA. The stored current in 12 hours will
then decay slowly from 350 mA to 180mA, and the 180 mA pulse current beam will be
extracted and damped before the fresh filling. The stored current of 350 mA corresponds to
1.57510" circulating electrons in storage ring. With the conservative approach of 75%
injection efficiency, the number of elechs inpcted into the storage ring per filling time is
2.1110". The number of particles lost during a fresh fillingditjon pemd) is 0.58.0%,

while the number of stored particles lost in the storage ring in 12 hours @@’ 76he
preliminary annual CANDLE operation schedule is given in Table 7.1.2 [5].

Table 7.1.2 Annual CANDLE operation schedule .

Operation Schedule Number off  Electron
Electrons Fraction
Start-Up 5 fills/hour of 0 to 350 MA, 0.410" 24%
3 hours/day, 14 days/month
Scientific 2 fills/day of 0 to 350 mA, 1.110" 65%
Program 26 days/month, 10 monthsly|
Machine 2 fills/week of 0 to 350 mA | 0.17107 11%
Development| 4 weeks/month, 10 months/y
Sum 11 months per year 1.6710"7 100%

The one month duration start-up program implies on average about 200 storage ring

filings with the total number of injected eleshs of 410" The number of electrons
injected into the BNDLE ring during the 10-month scientific program is 1.1X1(520
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fresh fillings). The machine development program is estimébed 2 fills per week

(4.2lZILO12 injected eleabns), or 80 fills within 10-month scientific program in total.
All electrons ingcted into the ring are lost eithduring the short igction period or during

the long stored beam period. From the totaédtgd beam of 210" particles, 25%
(5.3710" particles) is lost during the injection pmdj 35% (7.8.0™ particles) - during 12
hours of beam storage and the remaining 40%4& 4particles) is damped

“Top-up” injection mode The finite stored electron beanelime in the main ring results
in the exponentialecay of the stored current with the time. The number of particles lost in
the ring is then given by:

Noo = No[L-expet /1], (7.1)

where No:1.5752|LO12 is the number of initial stored particles (350 mA circulating current),

T = 18.4 hours is the beam lifetime,is the time. The “top-up” ieiction mode implies the
replenishment of the stored current as it reduces the designed current below 95%. The
period, during which the intensity of the stored beam decreases by 5%, amounts 0.95 hour.
The number of lost particles during this period is meY. Thus, in eachhour (“top-up”
injection mode) théooster synchrotron provides theeigiion of a 3 GeV eleain beam

with pulse current of about 5@IA. Fig. 7.1.1 shows schemzdily the stored wrrent
variation in the ring in “top-up” igction mode.
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Fig. 7.1.1 The stored beam time structure in “top-up” injection mode.

The dally loss of the particles in the storage ring then amounts of aﬂﬁift;mrticles and
exceeds the daily loss af5210" particles in normal operation mode (two fillings per
day). The diagram of the expected beam lossategeto @QNDLE storage ring operation
in “top-up” injection mode is given in Fig.2. The loss of particles during theeigijion is
expected basically at the injection sept{Zh%) and kicker (25%). The rest 50% of loss is
expected uniformly distributed around the ring at trmatmns with small aperture. The
stored beam particle losses is expected to dominateornzontal plane, so 30% loss
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associates with focusing cqiraipoles, 30% at the dations with small aperture and the rest
40% at the insertion devices.
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Fig. 7.1.2 Diagram of the expected electron beam losse<CGANDLE (“top-up” mode).

In addition to the above normal beam losses, abnormal beam losses should be considered
in the shielding design. Abnormal beam losses are most likely due to the beam mis-
steering €.g, a mismatch between the beam and ring lattice, RF trip, loss of magnet power
supply,etc) and are less likely due to interlocked safety system faikug, (he current
limiting devices fail and a beam is injected at a power higher tbamal) [6]. Abnormal

beam losses generally result in persistent high dose rates outside the ring wall during
injection (if not detected and terminated) and instantaneous doseg stored beam.
Since the regulations and standards in this area are not complete, it is thetsgnc
radiation facility’s responsibility to carefully identify which abnormal beam loss scenarios
are likely or credible, to define the dose limits against which the shielding is designed, and
to implement the mitigation measures for the credible scenarios.

7.2 Radiation Shielding Requirements

The beam losses in the ring will create an electromagnetic shower in the ripgnemts,
producing bremsstrahlung photons and neutrons, which genealyedihe ring shielding
design. If the limiting apertures are already identified then due to not uniform distribution
of the radiation in the storage ring the concrete walls of the ring should have different
thickness in different locations. For example, the locations with heavy lasgesthe
injection septum and the stored beam dump, have thicker walls and/or additional local
shielding €.g, lead). Shielding blocks @ted in and near the lmlnes,i.e., the injection
stopper and shadow wall areeaessary to shadow these penetrations from forward
bremsstrahlung and neutrons gexted in the ring. Thefere, ray trace studies via Monte-
Carlo simulations are implemented for the circular wall and penetration shielding design,
particularly when local heavy@tal blocks are used to complement the circular wall
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shielding. The estimation of the necessary uniform circular shielding wall for the
CANDLE storage ring is based on the conservative approach.

Electron beam lossesThe estimation of the necessary uniform circular shielding wall for
the CANDLE storage ring is based on the conservative approach that the eeiitprel
beam loss is localized at the reference azimuthal position of the ring. The daily particle loss
is taken 210" (“top-up” injection mode) as the most conservative.

To illustrate the storage ring shielding design, the longitudinal (Z) and(R)d@dépth dose

rates are calculatddr ordinary concrete. In our calculations, for the pure electromagnetic
part of the cascade, actually we use the DOSRZnrc usefoaleseries EGSnrc code [8]
based on EGS4 [9] with certain improvements and additions. The input giaranfor
DOSRZnrc code were chosen as the followings. A point source of an electron with 3 GeV
primary energy on Z-axis is incident from the front. The distance of the point source from
the front of the target is 10 cm. The radius of the beam at the front of the target is 43.46
um which is equivalent to the radius of the ring the surface of which is equal to those of

the ellipse with radiic, = 266 um and o = 28.4 um. The electron and photon cutoff
energies for transport are 0.6688 MeV and 0.010 Me\etiyely.

Depth Dose in Ordinary CCT due to Point Source

dose vs, depth for 3 GeV electron beam
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Fig.7.2.1 Annual dose rate induced by 3 GeV electron beam in ordinary concrete

(CCT).

The longitudinal dose ratenduced by the lost electrons during a year for “top-up”
operation mode of CANDLE facility is presented in Fig. 7.2.1. Using this dose dependence
on the absorber thickness one can assess the thickness of the tunnel wall of the ring by
taking into account the overall health risk guidelines presented in Table 7.1. Indeed, Fig.
7.3 shows that to have the natural background level of radiation 1 miSstynd the wall

of storage ring, the wall thickness should be 240 cm. This is the most conservative case
because the calculations are carriedfouttop-up” operating mode. Iratt, the beam loss
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is basically directed tangentially to the refereadait, so that the angle between the radius

of circular shielding wall and the incident electron beamfis 66°. This is clearly
illustrated on Fig.7.2.2. The 240 cm of the edltron beam penetration depth then
corresponds to wall thickness of about 1m.

Fig. 7.2.2 Schematic layout of CANDLE and beamline section.

The radial dose rater the above discussed case is presented in Fig. 7.2.3. As one can see
from the Figure the radial dose spread is rather narrow. The natural background of
radiation level in lateral direction of the beanpisvided by R = 10 cm ordinary concrete
absorber.

Depth Dose in Ordinary CCT due to Point Source

dose vs. radius for 3 GeV electron beam
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Fig. 7.2.3 Radial anual dose rate induced by 3 Geélectron beam
in ordinary concrete.
Synchrotron radiation Due to the complicated energy spectrum of the Hagimn

radiation and the fast-changing attenuation coefficients of matinigihotons < 100 keV,
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the phenomenological estimation methods are not effective for synchrotron radiation
shielding design [6]. Our first approach to the problem of calculatiorPANBIE bending
magnets synchrotron radiation induced radtovity levels is to use again the DOSRZnrc
code [7]. As the input parastersfor the code one should give the distadteof the point
source from the front of the concrete shielding and the r&lio§the beam at the front of
concrete target. The beam horizontal sizeatenined by the width of wdow and is

equal toAx = 10cm on the wall surface placeapeoximately at the distance equal i =
20m from the photon source. Then, the angular size of the spot of théngean concrete

wall is equal toA8/2=225mrad. The vertical angular size of the photon spot on the
wall may be taken equal gy . Thus, the vertical size of the beam can be deternfined

the relationdy / 20 ~1/y . Because of the axial symmetry request of the codehaulcs
use the equivalent radius of the beam on the concrete wall that canflmrgtite equality

of the rectangular and circular areas of the beam spots on the condtetaxin = 7R*,

soR=1.04 cm.

The number of photons is also a numerical basis for the calculation of the synchrotron
radiation radioactivity as thenput pararater, which can reach the outward concrete
shielding wall of the building from the open bending beam-line window. Thetrsp
photon flux incident on the wall is given by [10]:

J3ayl ©
dN,, =deA8 ———— [K : 7.2
on ore, o, 7[ 5 (Y)dy (7.2)
with | =350mA beam currenta =1/ 137eis the electron charges is the photon
energy &, is the critical photon energy for the bending magnet synchrotron radiation,
Kn(x) is the Macdonald function. The photon numbezctmal density distribution versus

energy incident on the wall is presented on Figure 7.2.4.
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Fig. 7.2.4 The spectral photon flux density distribution versus energy.

The results of radiation dose induced by synchrotron radiation from CANDLE dipoles are
given in Fig. 7.2.5 for downstream dose distribution. The downstream dose per incident
photon flux of energies from 1 keV to 50 keV at 0.1 cm depth of ordinary concrete already
reaches to the value of 1 mGy 2cryl'l, which is the natural background level. In
comparison with the 3 GeV electron beam induced radiation level that is negligible.
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Depth Dose in Ordinary CCT induced by SR

dose vs. depth for photon beam with 1-50keV energies
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Fig. 7.2.5 Davnstream dose distribution for CANDLE shelding (concrete).

The same situation is with the radial dependence of the dose level. One can see from the
Fig. 7.2.6 that theateral spread of the radiation photons is almost not changed being
comparable with the lateral dimensions of incident b&a4 cm).

Depth Dose in Ordinary CCT induced by SR

dose vs radius for photon beam with 1-50keV energies
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Fig. 7.2.6 Radial dose distribution for CANDLE slelding (concrete).

In addition to the hutch wall and beam pipe shielding, attentimuld be paid to
synchrotron radiation streaming through ventilation and cable penetrations in the hutch, as
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well as ground shine under the hutch doors, in particular for insertion device beamlines at
CANDLE facility.

Neutrons contribution. Becausephotons have substantially larger nuclear cressi@ans

than electrons, neutrons and other particles resulting from inelastic niedesons are
produced mainly by the photon component of the EM shower. Three photoneutron
production processes are important at high-energgtrein fadities: gant resonance
production, pseudo-deuteron production, photo-pion pctidn. While substantially less
numerous than giant resonance neutrons, the photopion neutrons are very penetrating and
will be the component of the initial radiation field from a target (with the exception of
muons at very high energies) thatermines the radiation fields outside very thick shields.
Photons and giant resonance neutrons dairihe field inside shielding enclosures and
remain a significant component behind madershielding. For example, a 60 cm lateral
concrete shielding of a 3 GeV electron beam line with average beam power of 5 W can be
considered as moderdtel]. For CANDLE the beam power amounts 19 W, which exceeds
this considered value by a factor of about 4 for the same 3 GeYWal beam nominal
energy. It is reasonable to make rough estimation of the w@uederlateral concrete
shielding thickness for GNDLE just multiplying 60 cm by a factor 4 which will amount

240 cm. This conclusion is in excellent agreement with the results of our Monte Carlo
calculations.

For neutrons with energies above ~20 MeV the best shielding configuration consists of a
layer of highZ material, such as lead or steel, followed by a bwhield with high
hydrogen content&(L%) - most often conete.

Due to the distance factor and large physical size of a shower inet®n@argeXo:
10.7cm for shielding conete), it can result in extremely high radiation levels in occupied
areas. In the framework of a model in which only the production of secondary photons and
neutrons is taken intaccount (e.g., semi-empirical shielding code SHIELD11 [13),
muons are not considered, we can make assumption based on a “thetk cangept,
requiring that the electromagnetic shower be fully developed in the target. This implies that
the radius should be emter than 1 Moliere unit and longer than 10 radiation lengths in a
given material. Theseoaditions are more than satisfied for the results of our calculations:
240 cm thick ordinary conete shield which aocunts ~20X and is enough to dissolve the

low energy neutrons contribution. Indeed, the dose equivalent at the given point can be
estimated(for example in the framework of a pure point s@iline-of-sight model - or
Moyer Model - summarized in [13] which is datly applicable to the shielding of GeV
range protoraccelerators and also can be used atreleetccelerators [14]) as follows:

S g expE(r ~1o)/A] 7:3)

HE 2

r

where E. is the electron energy,0bBs 1 GeV, H is the dose-equivalent normalization
constant with the value 1.1x10Sv.nf.GeV* per electron and % for concrete is 42g.cnf,

r= 240 cm which in our case coincides with the line-of sight distance in the shield and also
with beam axis,or= 0 for our simplest case. By substituting these peatars with their
values into formula (7.3) and taking inaxcount the annual particles losses from the
storage ring we obtain D = 0.66 uSv.cm®. GeV'.y™! for the resonance neutrons induced
dose equivalent behind 240 cm caetershield, which is insignificant (see TaBlé).
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7.3 Beamline Personnel Protection.

Synchrotron radiationdamlines can be classified in two categories: hard X-ray (> a few
keV), which generally is at a line-of-sight path to the stored beam, and vacuum ultra-
violet/soft X-ray (VUV) beamlines. The experimental stations at X-raynbees are lead-

or iron-shielded enclosures (experimental hutches), which are large enough for
experimenters to access. On the other hand, the VUV or soft X-rays, arising from
synchrotron radiation refttedfrom mirrors at large angles, is so soft that the experiment
has to be performed inside a vacuum container. Thus, the vacuum chamber beampipe itself
can easily attenuate and contain the VUV light. Fig.1 illustates the main@proach to
radiation safety considerations foARDLE X-ray beamlines.

End station Optics Front end Shield wall

il DaEioTons

shielding

Fig. 7.3.1 The radiation safety scheme adopted forANDLE X-ray beamline.

The beamline components will generally intercept not only synchrotron radiation but also
gas bremsstrahlung. Scatter@tiotons, as well as photo neutrons induced by gas
bremsstrahlung, need to be considered in the beamline shielding design. The hutch walls
and beampipes need to be thick enough to attenuate ttieredaradiationfrom these
components. Whether it is the scattered gas bremsstrahlungatbered synchrotron
radiation that will dictate the shielding design depends on the characteristics of the
individual beamline and its yaut, as well as the photon source characteristics. The
approprate pproach for each individual case will be done safedy in parallel of the user
demand.
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