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Abstract

We shall restrict the dilscussion to proton
accelerstors in the multl-GeV energy range and of
the alterneting-gradient synchrotron type, with
speclal attention given to the existing 30-GeV
and the proposed 200- to 300-GeV machlnes,

Radiation problems can be divided into two
broad groups: those produced by the asccelerstor
while 1t 1s running and those assoclated with the
shut-down machine. The expense and difficulty of
coping with these radiation problems influence the
choice of design beam lntensity.

The problems while the machine is running are
penetration of radiation through the shielding,
muon shielding, penetration of radiation through
ducts and laebyrintns, skyshine, diffusion of radio-
active alr, and radlation damage to components.
Some results of an LRL-CERN-Rutherford shielding
experiment on the CERN-PS are presented.

Problems of the shut~down accelerator lnclude
induced activity in the machine components and en-
closure walls, These radistion fields affect
maintenance procedures and require appropriate
handling tools and shielded vehicles,

Introduction

Qur primary concern has been with the radia-
tion problems assoclated with the contemplated 200~
to 300-GeV strong-focusing proton accelerators. =3
From the radiatlion~protection standpolnt, these
machines offer the advantage over the existing
Brookhaven and CERN synchrotrons that, being non-
existent, there 1s no prior restrictlon on compon-
ent design or operating principles imposed by
existing structures. We heve also studled the
radiation problems st the CERN-PS and BNL-AGS,
since these can be consldered as models for the
higher-energy machines, and the physiecal processes
involved in cascade production are quaslitatively
the same for energies sbove sbout 1Z GeV. Consid-
erable lower-energy radlation investigation has
taken place at sgeveral proton machines: Bevatron,
Nimrod, Saturne, PPS, and ZGS. For gll mulbti-GeV
proton and electron acceleraﬁ,ors » for example, the
Stanford Linear Accelerator, most of the radiation
problems are quite similex, the differences belng
related to mechanisms of beam loss and cascade de-
velopuent and machine structure,

Both the exlsting CERN-PS and BNL-~AGS have had
contlnuously increasing circulating beams, so that
&t present they routinely accelerate 4 to 6 x 1L0tl

protons/s in the 20- to 30-GeV energy range., This
represents some 1 to 2 kW of beam power, and the
problems assoclated with rediation are glready
troublesome. Both machines heve improvement pro-
grams underway that will increase thgir cireulating
beam currents from 10 to 30 times.”s Structural
modificetions such &s incressed thickness of earth
shielding will be required as well as increased use
of externsl beams, The 200~ and 300~-GeV designs
are capeble of greater than 1013 protons/s or some
500 kW of bean power., Under the worst circum-
stances, radiation problems could make the accel-
erator site uninhabiteble, the accelerator inoper-
able, and maintenance unreasonmable, By identifying
these problems from the beginning of the design
process, it seems feaslible to build and maintain

& high-current synchrotron (>1013 protons/s) for

& relatively small pepalty ln capital and operating
costs_sas compared with a low-current synchrotron
(=~ 10 protons/s).

Figure 1 is a symbolic drewing of an mcceler-
stor and ite associsted radiation problems (see
Table I}, both while running and when shut down

Table I. Radlation Problems

Problem Running  Shut Down
1. BStrongly interacting par-

ticles (S.I.P.) penetrating

shield XX
2. Leaksge through duets end

lebyrinths XX
3. Muons penetrating shield X
k., Skyshine =
5. Rediation damasge and heat- XX

ing
6. BRadioactive alr, water and

dust X XX
T. Induced activity in sccel-

erator XX
8., Induced ectivity in tunnel

walls XX

Wherever primary protons are lost, &ll of the
sbove~-mentioned radiation problems appear and, in
e sense, will be proportionsl to the number of
protons interacting in a given region, The distri-
bution of this beam loss is B strong function of
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targeting and has led to primary rellance on ex-
tracted external proton beams in the proposed 200-
to 300-GeV and improved CERN-PS and HNL-AGS., In
this way the most formidable problems can be moved
to the target stations at the ends of the extracted
veams and the radlation source lnside the acceler-
ator tunpel will be reduced to that fractiorn of
the elrculating beam that is not successfully ex-
tracted. Operation and maintensnce of these
externsl target statlons wlll be difficult, but
one can work on any one of them without having to
turn off the sccelerator, assuming that one has
multiple external-beam capability.

The above radiation problems will be dis-
cussed in the framework of the 200~GeV design
which hag an initisl eirculating current of 1.5
times 1013 protons/s and_an ultimate iotensity
cepability of 5 times 10}3 protons/s and an
assumed extraction efficiency of 85%. More de-
tailed treatment is found in the references cited
above. The current picture is indicated in the
following sections.

Problem 1.
Strongly Interscting Particle Shielding

Figure 2 shows esrth shields and machine
tunnels for the CERN-PS, BNL-AGS, SLAC, and 200~
GeV machines, all shields adjusted to about the
pame esxth density. For the CERN-PS and AGS accel-
erators, the solld lines are for the existing
shields sbove the nontarget areas, and the dashed
llnes are for the shielding sbove these quiet re-
glone after their present lmprovement progrzums.
For the SLAC and the 200~GeV machines the shields
are designed for the ultimate intensity, since 1%
is unduly expensive to augment shielding later.
For these latter mechines the dashed lines repre-
sent the shielding zbove the target or extractlon
areas, The scale of the 200-GeV machine 1s such
that & reduction of 6 £t in the shield thickness
(from an original 23-ft thickness) represents a
reduction in cost $ 3M., Hence Lt behooves one to
reduce uncertalnty here as far as possible, and
IY¥1l report below on a recent experiment that was
carried out at the CERN-PS by groups from LRL,
CERN, and Rutherford,

Problem 2,
Leakage Through Ducts and Labyrinths

There are many btypes of penetrations through
the shielding that offer a path from the inside
of the tunnel to the outside, These racge from
small duets for conduits to large openings for
personnel and truck access., As the source of
radiation increases and the main shielding gets
thicker, the leakage pathe must be decreased
through these penetrations. ' New measurements on
radiastion trensmission through ducts were made as
part of the experiment mentioned above and will be
avallable later.
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Problem 3.
Muon (i) Shielding

The muon 1s a weakly interacting particle, and
so the shielding provided for the S.I.P. may or
mey 0ot be sufficient %o shleld agalnst them.
Pions, which are readily produced in high~energy
interactions, can decay into the weakly interacting
muwon (% -y + v), or, in materisl, can strongly
interact themselves, BSimilarly kaons can decay
into muons (K - + v). Most energetic muons are
from plons and ksons that have decayed in flight
in the alr path between a target and the shield
face. BSome muons result from pion decay in the
relatively short range or interacting length of
the pion in condensed matter, In either case
muons are strongly pesked in the forward, or
primary proton beam, direction and the wuon energy
spectrum extends up to the primary proton energy.

The physiegl basis for the difficulty in
shilelding from muons is that they are weakly in-
teracting and cannot lose s large fraction of
thelr epergy in nuclear interactiouns. The ion-
ization loss for & muoun is roughly 2 Mev/g-cm'z,
although this dB/dX is somewhat altered at
different energies because of pair production and
relativistic rise effects, and through a 7Z depen-
dence, different materials have slightly different
values, The length of shield necessary to stop =a
muon 1g rougly proportional to ite initial energy,
Por strongly interscting partiecles, on the other
hand, we speak of an exponential removal mear free
path, say 130 g-cm~%, After the buildup process,
this means that the energy left In the cascade
after one mean free path 1s one/eth that at the
beginning, As the primary protod-ar plon energy
incresses, the apparent dE/ﬂX increases, tecause
the observed removal mean free path 1s roughly
constant with energy above a few hundred MeV,

Figure 3 displays the difference in the
shielding of strongly interacting particles and
muons, Here we are concerned with shielding in
the straight~ahead direetion, which is pertinent
for the primary beam-dlsposal area and external-
beam target stations. For S,I,P.'s, after the
usuel buildup, one sees an exponential decay vs
depth curve with a mean free path of some 130 g-
em™%, For an incident proton energy of 200-GeV,
an equivalsnt mean free path for muons is some
6000 g-cm™®, At the_shield thickness needed for
§.I,P.'8, 3000 g-cm “ or approximately 6000 lb-
£+7¢, the muon flux is wore than two orders of
magnitude greater than that for S.I.P.'s. At the
present 30-GeV synchroitrons this problem 1s less
severe, since the equivalent mean free path for
muons is about one fourth that for 200-GeV pro-
tons. That 1s, the muon curve is steeper than
the one shown in Fig. 3, while the removal mean
free path for S,I.P.'s is the same ag at 200-GeV,
The sbsolute beam intensity also plays a role
here, as inspection of the curves in Fig, 3 will
show. As the intensity increasses, one must go to
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lower tranemission on the S.I.P. curve, which is
relatively easy because of the steep slope., There
is relablvely less decrease in the muon trans-
mission for the same thickness loncreese, The
improved 30-GeV machines will have forward shield-
ing in which the thickness 1s determined by muons
and not by S.I.P.'s, as in the current situation.

Figure 4 shows a 200-GeV extermal-beam double
target station. The muon shield is made of de-
pleted uranium and some 5000 tons are required for
each single statlon, the muon range being close to
the 100~-ft length shown. Uranium seems to be the
best material because 1te high density and high Z
results in a compact, and probably minimum cost,
shield., The entire facility reguires some 18000
tong of uranium at & total cost of some § 1OM,

The design of muon shields requires elaborate com-
puter calculatlons but, in light of the expense
involved, these design calculations are preferred
to cut-and-try methods,

Problem %, Skyshine

One can asccept higher radiation levels
directly on top of the accelerator shield than
over those portions of the site where almost gll
of the staff are located. This is because few
people spend their entire work week on top of the
shield. Radlation escaping from the shield can
propagate to other parts of the site and even to
the site boundary, beyond which the regulations
Por general uncontrolled population apply. This
propegation of escaping radiation over distances
of several hundred meters 1s called skyshine, since
radietion that is initislly directed upwards is
slr-scattered downwards at these distant points.
If the rediation levels at the accelerator shrivd
surface are equal to or less than the maximum per-
missible level for radiation workers -- generally
taken to be 2.5 mrem/h -- then a separation dis-
tance of & few hundred meters to occupied buildings
and site boundaries is sufficient to reduce this
skyshine radiation to accepteble levels. This
same line of reassoning demands that radiation
through the ring shield not exceed this 2.5 mrem/h
unless the high-radiation region is more than sev-
eral hundred meters from buildings and boundaries.

Problem 5.
Radicactive Air, Water, and Dust

Alr, water, and dust within the accelerator
tunnel will be made radioactive while the machine
is in operation, During operation the air and
water are continuously reclrculated through
pumping systems that comrunicate with the outgide
enyironvent. A certeln amount of leakage and
makeup are uravoidable, Attention must be pald to
the concentration of the radloactive effluents es-
caping from the tunnel and from the site boupd-
arles,

After machine turn-off these radioactive
products can affect maintenance personnel entering
the tunnel. We estimated in the 1965 200-GeV
Design Study,l that 1f a worker enters the tuannel
immediately after beam turn-off, the radloactive
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air present in the quiet, or nontarget, portions
of the tunnel would give him an integrated ex-
posure of 13 mrem; therefore, immediste entry into
these areas is not precluded, However, in the
target or extraetion areas an integrated ex-
posure of some 8000 mrem 18 possible; so immediate
entry here is précluded. Therefore, vefore any~-
one enters target areass, the alr will be purged,
which will take spproximately 1 h. The radioactive
magnet-cooling water is not a serious problem,
since the system is closed., If magnets are to be
drained, normal radioactive-monitoring techrigques
are required. Some expe:,’igenta.l data exist on the
radloactlve air problem.'’” The nature of our
calculations and the avallable experimental dats
are such that one would not expect great zccuracy
in the gbove estimates, but they do seem to be
correct to a factor of about five., New wmeasure-
ments and ecalculatlons are called for before a
final ventilation system is specified. The prob-
lem seems smenable to solution.

Problenm 6.
Rediation Damage and Heating

With several hundred XW of beam power avalle
able, we have enough power %o burn holes in
vacuum chambers, extrsctlon septa, targets, and
beam dumps. Control of beam loss and protective
design at possible loss points are needed to solve
the thermal problem. The primary proton energy is
converted through the cascade process to lonizing
rediation that fi1lls the tunnel and can cause
radiation damage to susceptible materials therin.
At the radiation levels expected around aceelera-
tors the physical properties of organics, serwlcon-
ductors, and most insulators are adversely
affected, while those of metals are not. The BNL~
AGS at its present intensity has already had the
coll insulation on a magnet downstresm from s tar-
get fall due to radiation damage and, more
recently, a rubber water hose failed for the same
reason, Rubber vacuum sesls are readily damsged
st the AGE and in target reglons are replaced
frequently. Considersble effort is going into
solving these problems for the lncreased intensity
planned for the lmproved AGS. The vacuum tank is
the machipe component closest to the beam, and so
one will find the highest radiation field there.
Organle vacuum seals are unacceptable, as are
organie vacuum tanks, so all-metal or metal-
ceramic vacuum systems are required, Magnet coil
insulation 1 exposed to the next-highest field,
and research at seversl laboratories is directed
toward developing more-radiation-resistant mater-
ials, This is an active field, and I think the
best summary is that one or more solutiors to thisg
protlem exist, As much other equipment as possible
is removed from the tunnel, especially solid-state
electronics., For the irreducible minimum, one
selects the most resistant components available
and, 1n addltion, arranges for easy replacement,
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Problems 7 and 8. Induced Activity
in the Accelerstor and in the Tunnel Walls

These two topice are grouped since together
they are the cause of the shut-down radiation
fleld inside the tunnel that affects maintenance
procedures, Rether thao go into dete.ili I'11l re-
fer you to the 200-BeV design document,”~ my talk
at the 1965 IEEE meeting, and two talks at this
meeting: 9

W. Belslg G-17 Capability Vs Cost for

Servicing and Handling
System Choices 1n 200-GeV
Accelerator Design Study

Remote Maintenance Tech-
niques Proposed for the
200-GeV Accelerator.

R. Krevitt H-18

We coneclude that through deslgn, specificatlon of
materisgls, extensive use of extracted beams, and
operating procedures designed to minimize exces-
sive bheémm loss, most of the machine can be maln-
tained by unshielded workers in the usual contact
manner, In the much higher radiation levels found
In the target areas, special shlelded manipulator
vehicles will be required., Recert messurements on
Induced activity in sccelerator components and
concrete tunnel-wall constituents yield results in
rough sgreement with those assumed 1n the 200-GeV
design study.

CERN/LRL/RHEL 1966
Shielding Experiment at the CERN-PS

In late 1965 and early 1966 it became appar-
ent to many who were involved in shielding calcu-
lations that the status of the experimental data
was not satisfactory. There were several reasons
for this: different experiments at different
leboratories ylelded different results when com~
parisons were possible, and often different types
of detectors were used so comparison was iredirect;
many present accelerstors have shielding of some
10 ft of earth cover and extrapolation to 20 £t
and more for the probvlems of interest has inher-
ent limitations; and finally, a comprehensive
shielding experiment requires more people, equip-
ment, and machine time than were avallable for the
previous measurements, These laboratories par—
ticipated in the recently concluded shielded ex-
periment at the CERN-PS:*¥ LRL had six partici-
pants -~ two from the 200-GeV Accelerator Study
and four from the Heslth Physics groups; Ruther-
ford High Energy Laboratory (RHEL) had three
members from their Health Physics groups; CERN
had members from their Intersecting Storage Ring
divislon and from Health Physlcs, the Proton
Synchrotron itself and its operating staff. We
had exclusive use of the PS for sight 12-h periods
between September 28, 1966 and November 28, 1966,
Analysis of the data 1s in progress.

From previous experiments we learped that it
wee essential to monitor the beam-loss distribution
while meapurement of the radiation fleld was in
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progress, In practice thls meant that beam con-
trol, or exclusive machine use, together with a
large number of simultaneous weasurements were
required, Activation detectors allowed us to
determine the radlation field at hundreds of
locations inside the machine tunnel and within
the earth shield, Machine time is conserved in
that most of the detectors can be simultanecusly
exposed and counted after the end of the run. The
response of these detectors is well understood,
and spectral information can be obtained. Wg were
able to cover a d{namic range from < 1 to 10
neutron cm~% sec™ . Counters were also used for
special purposes, An impressive amount of equip-
ment, with the corresponding human effort, was
required to count the many samples within the
times dictated by the induced activities and rel-
evant decay lives. The Berkeley group air-
frelghted some two tons of counting electronics
for this experiment. The Rutherford group counted
some of thelr samples at CERN but air-transported
most of thelr samples to Rutherford for counting.
The CERN Health Physics group had seversl of their
counters occupled in counting samples from this
experiment. Table IT lists most of the types of
detectors used.

Table II. Detectors used in CERN shielding
experiment

A, Activation Detectors B, Counters (¢, Other

Au]'97 + n —>Aul98 Integrating TLD
ion
Inll’j n In11.6 Moderated Fission-
- BF3 track plate
S —)932 Thorium Nuclear
L fisslon Emulsion
2
Al 5 ¥a Bigmuth
fission
C o Cll
Au 9
Hg - ’I'blu9

Figure 5 is a plan view of the CERN-PS
showing the 6-in, drilled holes for our detectors
above the beam orbit and to the outside of the
ring. Figure 6 is a cross-section view of the
accelerstor tunnel and shows & line of these holes,
Detectors to be placed above the beam orbilt were
placed 1n a 10-ft-long sample holder, and cans of
dirt were placed between samples to reduce par-
ticle streaming up these holes, These sample
holders were raised and lowered by the use of
rope and pulley attached to the tripod shown. The
samples in the radial holes were placed at beanm
height and were ralsed by ropes. These holes were
lined with plastic tubes., Figure 7 is a photo of
the region above the target. One can see the
capped tubes and general features. We were par-
ticularly fortunate in that the earth cover here
is flat and dossntt fall to a lower grade as one
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goes outward, as it does over most of the ring.
The radial holes were for the purpose of messuring
attenuation at greet shielding depth, which would
not have been ag convenient If the surface were
not resscnsbly flat.

Runs were made with a clean-up collimator, or
dump, some distance from the target. In every run
the loss distribution around the ring was monitored
by sluminum asctivation folls placed on the vacuum
tank., Two primary proton energles were used --
25,6 and 13,8 GeV, Figure 8 shows the loss pattern
around the machine as measured on the vacuum tank,
Figure. 9 shows the pattern as measured inside the
machine tunnel but near the roof level, Figure 1O
shows the pattern at the ground level on top of
the shield., The similarity in the peaks Just
downstream from the target is apparent.

In Fig. 11 are plotted particle fluxes in
radial holes corresponding to magnet 33, as meas-
ured by the aluminum activatlon detectors.
Although there are three straight lipes on semi-
log paper, each giving a mesn free path, there is
only one set of experimental data. When one
mentlons a mean free path, he 1s implicitly using
8 model that includes an exponential factor, If
he doesn't explicitly state hils geometrical wodel,
he automstically cesuses confuslon. Ignoring
bulld-up factors and assuming we are well into =
shield, we can use the following flux-attenuation
modelss -t /7\

Plane wave o(t) = 0. e

_t/}‘cyl.
Cylindrical wave: O(%,R) = e, (Ro/R) et/

a(t,R) = ¢_ (R O/R)ze- sph.

The plane case is clear, the cylindrical corres-
yords to an infinite line source, and the spher-
icdl corresponds to & point source. From the
curves it L®s not clear that the experimental
date are better fitted by one model than another,
yet the A&5 range from 110 g-cm™* to 133 g-cm™2,
It turns out that if one reqguires additional
ghielding to reduce the flux by s factor of sev-
eral hundred, all three models with their sppro-
priate \'s yleld nearly the same shleld thickness,
The above models are overly simple, and an inte-
gral representation of the problem (integrated
over an extended source) will hopefully yleld a
single A, The attenuation of radiation through
the earth shield of the CERN-PS, for the proton
loss pattern observed, can be falrly well repre~-
sented by simple models and, we expect, satis-
factorily represented by more detalled models,
There are two chief problems in using these re-
sults to calculate the shielding for a 200~ to
300~GeV sccelerator. One has to do with the
difference in the nature of the cascade produced
by the higher-energy protons as compared with the
pregent energles avallable. The other hes to do

plane

Spherical wave:
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with the pature of the primaery proton-loss pattern
around the proposed accelerator. This latter
problem is the more difficult, since it depends
on the detailed desigo of the accelerating
structure. There are scaling laws that enable
one to make this factor of ten in energy
extrepolation in a conservative way,
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> @Muons "
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@ Induced Activity in Accelerator Carmponents

Induced Activity in Accelerator Tunnel Walls

Fig. 1. Schematic representation of radiation problems,

I
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Fig. 2. Comparison cross sections of AGS, PS, SLAC, and 200-GeV accelerators.
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Fig. 3. Transmission vs shielding for strongly inter-
acting particles (S.1.P.) and muons for inei-
dent 200-GeV protons.
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Fig. 4. EPB target stations for the 200-GeV proton accelerator.
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Test holes

CERN/LRL/ RHEL Shieiding

Experiment at CERN Proton

Synchrotron

Fig. 5. Plan view of the LRL/CERN/RHEL shielding experiment,
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Fig. 11. Neutron flux attenuation through earth
shield, measured radially outward from
magnet No. 33.
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