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~surveys of the radiation field around the Bevatron

; made it possible for Moyer

SHIELD DESIGN EXAMPLES: PROTON SYNCHROTRONS - THE BEVATRON

. 1., Introductlon

The earliest weak foeussing proton synchrotrons were buillt in
the anticipation of fairly moderate beam intensities, typically ~ 109

protons per pulse, Consequently no significant radiation haza“ds were

- enticipated, and no preliminary design considerations of shielding were’

undertaken, As & .consequence. of the early unduly pessimistic view of the

probable beam intensity that could be attained with these machine, some '
difficulties have arisen in their use. Lofgrenl has described graphically

the consequences of leaving shielding as an afterthought.

In March, 1954, the Bevatron first achieved full energy at an intensity
of'lOlo protons per pulse and as experience developed the intensity has
steadily increased, Shielding was added around the machine, but;it.was not
possible to place shielding sbove the machine because .of the high floor
loading this would cause. Consequently it became clear that the upper
opersting intensity of the machine was limited to ~ lOl protons per pulse
simply by the radiation levels produced in the control room, experimental

areas and even at the laboratory perimeter (where. stricter regulations

Concurrently with this intensity limitation, for reasons discussed .

by Wenzel , developed a demand for even higher beam current and the develop-

- ment of an external beam area. Such an improvement program'necessitated

drastic revision of the shielding around the Bevatron. Comprehensiye
3 and messurements of
the shielding proﬁerties of concrete by the LRL Health Physics Groupu
2, to estimate the shielding required for an
improvement in beam intensity up to 10 3 protons per pulse. A new shield °
which included roof shielding was designed upon the basis of these cal-

culations. _

In September, 1962, the Bevatron was taken out of operation for seven
months to enable the necessary modification to be made, which included the'
installation of a 20 MeV linac and inflector system, provision of adequate
foundations for the new shielding and installation of & beem extraction sys-gy
tem.6' Lofgren and Hartsough7 have described in detail the improvements madé'J

to the Bevatron during this shut-down and Lambertson8 has reported detalls™

of beam observations during the machine cycle.  In February, 1963, the Bevatron

operated at full energy with an intensity of 2 x lO]'O protons per pulse, and a

this has been subsequently increased to 5 x lO12

1964.)

protons- per pulse (September,
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ladded in this region. A two feet thick concrete "blister" surrounds the

-2 .

There has now been.adequate time to assess the performance of t:.e new

"~ ' shielding and make comparisons with Moyer's original estimates.

2, Brief Description‘of Shielding Around Improved Bevatron

Descriptions of the Bevatron have been published elsewhere,

9’:;9 and -

the reader interested in details of construction is referred to these re-
ports, Figures l-4% inclusive show. the shielding being installed and
show in particular how the roof blocks are arranged. Figure 5 is a plean
view of the shielding around the m.chine. "

The exlsting shielding consists of a central wall, four feet thick,
fabricated from poured concrete which lies within the Bevatron magnet.
The thickness of this wall was determined by the loading of the roof
blocks which are keyed into this inner wall to pre#ent their slipping
loose during an earthquake, .A concrete wall ten feet thick and sixteen ‘
feet high is stacked on the outer side ofitne magnet, This wall is made
up . from blocks four feet high, the two middle courses (centered roughly on
the median plane of the machine) being fabricated from heavy concrete
(p =13.5 gn cm 3) whilst the upper and lower courses are made from light
concrete blocks (p =2,k em em” ) Between the West and East tangerit tanks, -

.where the experimental area is situated, the median plane shieldlng is con-

structed from small blocks to enable beams to be set up. Flgure 3 shows

these blocks very clearly.

Long roof blocks span from the outer wall to a steel support rail,

. and shorter blocks cover the gap between the steel support and the "igloo"

(Figs. 1, 2 and %). The outer roof shielding, directly above the machine

is in two staggered layers to prevent fast neutrons streaming along cracks_

in the shield: wall and provides a total thickness of: seven feet of light »

concrete directly above the magnet. The shape of the long ronf hlocks

wes determinéd by the necessity to ensure that neutrons emitted at ele~

vations up to 30 had to traverse a-minimum ot cen feet of light concrete:_
As a c@nsequence of high neutron output at the. 1njection area, ¥

particularly where beam strikes collimating slits, additional shielding ié

beam chopper at the end of the linear accelerator. This shielding was baged

on estimates of the neutrons produced when the linac beam struck graphite beam

cups,ll from experimental data supplied by Patterson.
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Access -to the machine is obtalned by four labyrinths-shown in Fig. 5.
The positions of these access polnts were chosen so as.to as to avoid looking
directly at targets or other sources of high level radlation, and they were
designed to provide adequate attenuation of the neutron flux nhich streams

down such tunnels.

3. Estimates of Shielding Required for the Improved Bevatron

, Moyer5 hes outlined his calculations of shlelding for the Bevatron

: assuming an intensity of 10 13 protons per pulse -1 and these will be
summarized i1n what follows, '

There are two major sources of radiation from a weak focussing

proton synchrotron
(a) Loss of high energy beam to the vacuum chamber walls after targetting
or beam extraction. When internal targets are used to make scattered
beams, almost all the circulatingvbeam is lost to the walls, At
'present the extraction system efficlency is ~ 50% so that here the
+ situation is slightly better. The detailed distributién of beam
gloss around the target depends upon many variables including target
material, target position, beam dynamics, etc., and no attempt was

made to study this problem in detail. (See below).

(b) When the extracted beam is used there can be & significant con-
tribution to the radiation field from the backstop necessary to

absorb -the beam,

_The most severe radistion hazards occur when & thick target is pléced
slightly upstream of one of the machine's straight sections. In this
position there.is no self-shielding from the magnet yoke itself. Moyer
made celculations for a copper target ~ 100 gm cm'? thick in four 4iff-
erent positions. By providing shielding to handle these situations, one
can be sure that less severe operating conditions will be adeguately
handled. C '

Moyer estimates that primary proton interactions in a thick copper

target produce about 20 neutrons per proton and Fig. 6 shows their energy

spectrum, This energy spectrum is derived by Moyer from cosmic ray infor-

mation, experiments at the Bevatron and Monte Carlo calculations by

Metropolis et al. 13
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Measnrements of neutron attenuation at Berkeley'and elsewhere have

"been summarlzed by Knowle514 and show that the attenuation cross-sections,

become essentially constant at their minimum value above 180 MeV. As a
consequence, the shielding thickness is determined by tne neutrons above
about 150 MeV, the much higner yleld of lower energy neutrons being more
than compensated by the shorter attenuatlon lengths appropriate to these
energies. Figure 6 indicates that 8 neutrons (E > 150 MeV) are produced -
by 6.3 GeV neutrons incident upon a thick copper target. From the
Metropolis calculations Moyer infers the angular distribution of

neutrons of energy greater than 150 MeV, and this is shown in Fig. 7.

_ Basic Assumptions Used in the Calculations

(a) Beam intensity of 10 13 protons per pulse; mschine repetition rate
of 11 pulses per min. - : ' _ .
(b) - Attenuation length of high energy. neutrons was taken as l6o'gm cm-z,
which corresponds to the following half value thicknesses:
Ordinary concrete (p = 2.4 gm cm-3) 18 in
'3) iz.h in,
_3) 5.5 in.

i
w
)
8

Q
8
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(c) Outside the shielding the biological dose due to low energy neutrons

- 1s not greater than that due to the surviving "primary" neutrons.
(See below). | . :
(d) The biological dose due to y-rays is not greater than 25% of the
dose from neutrons.
(e) The biological dose from p-mesons may be neglected
(£) 107 high energy neutrons cm 2 are taken to be equivalent to 1 Rem.

(This is conservative, but see below,)

A brief comment on these assumptions‘is in order in the light of more .
recent data. Moyer assumed that "the buildup of neutrons of degraded

energies emerging from the outer surface of the shield with the surviving

high-energy neutrons amounts to & dosage increment not greater than that

delivered by the surviving primary neutrons."--Assumption'(h). Detailed

‘measurements of the neutron spectrum outside a thick concrete shield
.around high energy proton accelerators have not been made. However, it

is plausible to assume 8 cosmlc ray like spectrum on the basis of nucleon -

cascade calculations by Alsmiller, et al, 15 Such an assumption is

‘ supported by determinations of the biologically effective mean energy as
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about 1 MeV. 16 Hess, et all7
spectrum at varlous altitudes and Patterson, et al 18 have computed the

have made measurements of the cosmic ray

dose deposited as a function of neutron energy from these results. This

was done by folding the measured neutron spectrum with the curve of the

flux of the neutrons which deposits 100 millirem/ho hour with energy.
Since concrete and air have similar nuclear properties, the contrib- .

ution to neutron dose as a function of energy outside a thick concrete

. shield should be very similar to that for a cosmic ray spectrum. About

50% of the‘total neutron dose is deposited by neutrons below 2 MeV,

about 80% by neutrons below 20 MeV and 90% by neutrons below 150 MeV..
Handbook 63 of the National Bureau of Standardsl9 summarizes the

maximum permissible flux that will deliver 0,1 rem in 40 hours, No

~officlal recommendation for meximum levels exists above 30 MeV, but

Neary and Mulvey2 have made estimastes of the dose deposited in tissue
by neutrons of energy between NO.MeV,and 1 GeV, At 10 MeV and 30 MeV
the N., B. S. data give 2.% x 107 n cm_z’and 1.4 x 107 n cm-2 as equivalent

to 1 Rem. At 110 MeV Neary‘and Mulvey estimate 0.9 x lO7 n cm2 = 1 Rem,

Implica.tions of Assumptions
If the total dose is written as the sum of the three components of

the radiation field considered we have

‘D =D, + D  + D7 . S (l)‘
D, = dose due to'fast neutrons (fast defined ‘as E > 150 MeV in this case)
Ds = dose due to slow neutrons (defined as BE <150 MeV)
D = dose due to ¥ rays. .

Assumption (d) requires 0,75 D = Df + Ds. Since Ds = 9'Df (see footnotes

" to basic assumptions), Eq. (1) becomes:

i

Dp = 7.5 x 1002 p i (2)

Since we take lO7 n cmz = 1 Rem and'the maximum permissible dose in &
40 hour week is 0.1 Rem, the maximum permissible fast (E > 150 MeV)
neutron flux is then. ‘




0.52 n cn> sec”™ . (3)

Method of Calculation

- Assume & beam intensity bf_i protons per pulse, with a machine

repetition rate of f cycles sec™’ strickes the target T. Let g(o) be

the differential cross-section for prodﬁction of neutrons with energy
greater than 150 MeV, Then the number of neutrons, dI, scattered lnto
solid angle 40 at an angle 6 to the initial beem direction is:

d = £.1 g(e) an | | ()

~and the neutron flux at p distance r from the target with no shileld is:

¢ =

41 £.4 g(e) 2 sin 0 a8
dA -

2nr’ sin 0 a9 \

£ g0) e
r | * '

Protoh

Beam

Figure 8,
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The flux at 2 with a, shleld thickness Eiis then:

' ' t sec 0

NOEERNCES -
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where A 1s the attenuation length of neutrons with E > 150 MeV,

Moyer made estimstes of the shielding required in four different

target situations, and these examples are quoted directly fron

UCRL-9769.

"Example No. 1

The target located in position 1 shown in Fig. 9 will
deliver its forward-hemisphere neutrons through the magnet
iron and the 10-ft concrete shield wall., It represents a

_ target position for which the radiation escape is not dom-
inated by a tangent tank area, and we inquire whether or

" not the concrete wall can be made solely of ordinary con-
crete (2.4 g/em3) in this case,

! The answer is as follows: In the O-deg direction from

i this target the obliquity and distance factors provide suff-

ticient attenuation to allow ordinary concrete to be used.
'But for direction angles greater than 30-deg, the 10 £t of
ordinary concrete is clearly insufficient; and beyond 45-deg
the full 10 £t of the median course of blocks must be of ‘
heavy (3.5 g/cm3) concrete, Even then, at 90-deg, the sur-
viving primary flux density i1s calculated to be lS/cmz sec
at the outer surface of the shield; and to this must be added
an approximately equal additlonal exposure from the secondary
neutrons and gamme rays emergling from the shielding, At
L5_deg the corresponding flux density of surviving primary
neutrons is 13/cm? sec.

Thus it is clear that the median course must be of heavy
concrete in any quadrant where a target 1s to be placed 1f
‘complete freedom of target location within the quadrant is
desired.

Example No. 2

In.this example we choose a situation very close to
frequent practice., A target 1s located near the end of a
quadrant, where its primary neutrons can escape through the .
tangent tank wall and strike the shield wall without any
intervening magnet iron. The dilstance from the target to
the point of concern is hS_ft. The oblique path length
through the concrete is 15 ft. The surviving neutron flux
density of the 10 ft wall is of heavy concrete is found to

be 92/cm? sec, It is clear that we need a greater attenuation -

" than the 10 ft wall will provide. Additional shield thickness
of 27 in of heavy concrete, or its equivalent will be required
in the region 'illuminasted' by the neutrons emerging through

- the tangent tank from this target.
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Exemple No. 3

. We place the target in a quadrant at such a point that the
O-deg neutron yleld can escape through the aperture at the end

of the quadrant iron and thus impinge upon the concrete shield

as indicated on Beam 3 of Fig. 1l1. The distance from the target
to the point just outside the shield is 68 ft, and the oblique
path through the 10 ft concrete wall 1s 17.5 ft The surviving
flux density is 16/cm® sec for a 10 ft wall, indicating that a
slightly greater thickness 1s required; but this need is more than
fulfilled by the requirements of Example 2,

Example No, 4

In this rather unlikely case* we place the copper target in
the tangent tank and consider the result of the neutron flux at' -
90-deg directly striking the concrete wall. The distance from the
target to the nearest point of exposure is 26 ft if we consider a .
10 ft wall. In this case, the surviving primary flux density is
650/cm sec, The wall thickness in the 90-deg direction from
thls target would need to be 15 ft of heavy concrete to adequately
attenuate the primary neutron flux. But since this is an uhlikely

" target situation, and since the platforms of sufficient strength
to support additional shadow shielding are provided, we consider
that it is unnecessary to call for greater attenuation in the
shield wall than would be provided by the 12.5 ft of heavy
concrete slready required by Examples 2 and 3."

Finally Moyer made estimates of the neutron fluxes that would be.v
observed at the boundaries of the laboratory, approximately 1500 ft from |
the Bevatron. With a target situated at the entrance end of the tangent
tank, neutrons emitted between 450 and 90O to the beam difection could
penetrate the minimum thickness of shielding near the Junction of the
" roof blocks and the side wall. With only 7 feet of overhead shielding
Moyer estimated the surviving primary flux at the project boundary is
6 nem -2 sec-l, a factor ~ 36 too high if the Bevatron were to operate
entirely at 1013 proton per pﬁlse; .As a consequence, Moyer recommended'
thet roof shieldling at tangent tanks should be ‘increased so as to pro-
vide at least ten feet of concrete in neutron ray directions at 90o

‘with respect to the beam for elevation angles up to 309. Megsurements

* N. B. At the time of these calculations were masde this was in fact
an unlikely situation. The two plunging magnets of the beam
extraction system described by Wenzel® intercept the circulating
beam and effectively act as thick targets. Measurements of the
radiation levels ahove the s and w tangent tanks indicated the
need for additional shielding as predicted by Moyer. It is
intended to install this, '
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 of the neutron flux observed:ét the laboratofy.boundary would indicate
' whether further shielding should be installed above tangent tanks.

A calculation of the neutron flux observed 1500' away from the
Bevatron due to uniform beam loss indicated levels ~ 0.2 n cmz sec-l,
showing that thick. targets placed 1n the tangent tank are the major‘

source of large radiation fields at large distances.

Performance of the Bevatron Shielding
Since February, 1963, extensive data has been compiled on the
radiation fiteld around the Bevatron. Both the Health Physics and

 Bevatron operations groups cooperate in radiation surveys, much of

their data being summarized in the Bevatron Qperation and Development

Reports issued quarterly.Zl 2z, 23
‘Many of the experimental techniques used to study the radiation

3, 2k, 25 Thermal neutron fluxes

fields have been described elsewhere,
are ?easured by indium and gold foil aetivation and bare BF3 counters,
"Fast" (E < 20 MeV) neutron fluxes are determined by activation of
threshold detectors,26 paraffin-wax moderated BF3’counters and indium
foilsz7’ 28 and mederated silver-lined geiger counters, y-ray levels 

are measured by conventional ionization chambers, These techniques used

' are'extremely effective in measuring the y-ray levels and the dose levels
from neutrons below 20 MeV. Convenient and relisble techniiﬂes for
measuring the dose from neutrons greater than about 20 MeV have net yet
been developed."However,vsince the measurements of dose from y-rays

and neutrons below 20 MeV account for sbout 90% of the total dose, no
large innaccuracies of dose estimates result-from poor knbwledge of the
high energy flux {E > 20 MeV). Very similar conclusionshhave been o
reached at CERN29 around the PS and at Brookhaven around the AGS3Q..
Occasional checks on the high energy particle flux may be made using a
bismuth fission counter3l of by exposing nuclear emulsione but this

technique is rather tedious. Such measurements hayve always confirmed T

the conclusions already reached,
It is clear that any comparison of experimental data with calculation§
. is somevwhat difficult. Calculations are made for idealized conditions .
which are not even approximated in practice, It 1is extremely hard to
evaluate the effects of neutron streeming along entrance tunnels, back
scattering from the experimentai area and machine bullding and leekage‘
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from cracks or holes in th~ chielding. Another difficulty is that the

" sensitivity of the wax . moderated indlum foll detectors falls off at

energles greater than about 15 MeV, Consequently exact comparison of
calculationSuandsmeasnrementsfis:not,possible. i'However, the results of

surveys taken to date are encouraging in tending to conflrm the cal-

. culations of Moyer.

Flgure 12 shows a plan view of the Bevatron building and the experi-

metnal layout during the period July through September, 1963. The circled - -

numbers indicate positions where the radlation field was monitored.

‘.Figure 13 summarized the measurements of neutron flux and y-ray dose

rates measured at these positions. Curve 1 shows neutron fluxes measured
11

“with & circulating beam of 5 x 107~ protons per pulse at an energy of

4 GeV. Approximately 90% of the beam was taken by the Moyer group target
when these measurements were made. Curve 2 shows measurements when a
circulatling beam was ~ 5 x‘lOlO protons per pulse and ~ 5 x lO7 protons
per pulse were extracted and dumped in the Chamberlain'group backstop.
The lowest neutron levels observed'are'about 0.35 n cmz sec-l
(neutrons of energy < % 15 MeV) with a circulating intensity.of 5 x 10
protons pulse_l.' If we assume a l/E spectrum, this would imply a flux
of ~0.15n cm2 sec_l for neutrons E > 150 MeV, which is in good agreement
with Moyer's estimate of 0,14 n em® sec™*. In fact, such good agreement

is probably fortuitous but does indicate that the calculations agree

11

‘with the measurements wlthin a factor of say 2 3. Estimates of the mean

neutron energy indicate it to be about 1 MeV

Neutron levels are higher in the experimental ares ranging between
1-10 n cm2 sec l but these fluxes almost certainly arise from the
experiments themselves. ,

The neutron fluxes at the entrance to the machine labyrinths are
also, not surprisingly, higher than adjacent arees,

Curve 3 (Fig. 13) shows the y-ray intensities which are always
less than 1 mr hr -1 with the exception of the region close to the in-
.jector. Here the X-ray level can be as high as 60 mr hr at the sur-
face of the injector tank, y-ray levels between 0.1l and 1 mr hr -1
observed in the experimental ares are due to (n, 7) capture processes in v
the shielding and floor. Assumption (d) (Paragraph 3) is validated by

these measurements.
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Pick, Everette, et al32 have made an interesting cqmparison with

' meésured fluxes and those calculated using'Moyer's'method above a copper

target. Four feet oflheavy concrete and 20 incheé_of steel were placed
above the target. They concluded that in regions free of back scattering

from a nearby back-stop that the measured fluxes agreed within a factor

of three of those calculated.

No detailed measurements have yet been made of the neutron flux at
lgrge distances from the Bevatron, but neutron counters used to integraté

dose levels at the laboratory perimeter have indicated values well below

. maximum permissibie levels for members. of the general public.

_ An exteﬁsive series of measurements was started early in l96h to
determine the performance of back-stop shielding. A large concrete backe-
éfop 28 feet long and 21 feet wide was constructed and measurements of the -
neutron flux made at varjing~depths in the concrete.33' Aﬁ beam inten-
sities of 8 x 1010 protons per pulée the neﬁﬁron fluxes measured at the

edge of the back-stop indicated the back-stop to be just a little "thin"

.at the sides and that increasing the dimension to 28! long by 24' wide

would give levels below m.p.l. all around the back-stop.
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